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PREFACE 
ОНР a ae РОР SEINE кыс кшш с 


During the writing of this, the third edition. of Р undamentals of Molecular 
Spectroscopy, 1 have borne very firmly in mind the aims of the original 
book—to emphasize the overall unity of the subject, and to offer a pictorial 
rather than a mathematical description of the principles of spectroscopy. 
The latter aim has received some criticism (although, it must be said, from 
teachers of the subject rather than from those trying to learn it); but, while 
it is true that universities and polytechnics now offer excellent courses 1n 
subjects such as quantuin mechanics, a grasp of which can illuminate many 
areas of spectroscopy, experience shows that most students approaching 
spectroscopy for the first time prefer the simpler treatment offered here. 

The general organization of the book remains unchanged, each chapter 
after the first presenting the fundamentals of a particular spectroscopic 
technique. Although each chapter is thus essentially self-contained, the in- 
tention is that the book shall be read as a whole, since concepts introduced 
in early chapters are often used later without further discussion. 

In fact, although it is an almost unbelievable ten years since the second 
edition was published, there has been relatively little change in the basic 
ideas of spectroscopy, and much of the book is essentially unaltered. What 
changes have occurred have been mainly in the extension of existing tech- 
niques, and their increasing availability due to improvements in instrumen- 
tation. In this respect the two main areas of interest are the use of lasers as 
radiation sources, and the very rapid expansion in the use of Fourier trans- 
form techniques. Accordingly 1 have added a section on lasers to Chapter 1 
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and expanded the references to them in later chapters, particularly in Chap- 
ter 3. Equally, a general description of the Fourier transform method has 
been included in Chapter 1, and Chapter 7 has been extensively rewritten to 
take account of the wealth of additional information accessible from the 
application of this technique to nuclear magnetic resonance spectroscopy. 
When a book has been in use for 15 years it becomes impossible to 
acknowledge the help received from the very many people, students and 
teachers, who have commented on it. My greatest debt is, of course, to 
Professor Sheppard of the University of East Anglia, who first introduced. 
me to the beauty and fascination of spectroscopy, but I hope that all those 
who see their comments and suggestions incorporated into this edition will 
accept this general acknowledgement of my indebtedness, and will not think 
me churlish for leaving them unnamed. 
C. N. BANWELL 
University of Sussex 


CHAPTER 


ONE 
INTRODUCTION 


1.1 CHARACTERIZATION OF ELECTROMAGNETIC 
RADIATION 


Molecular spectroscopy may be defined as the study of the interaction of 
electromagnetic waves and matter. Throughout this book we shall be con- 
cerned with what spectroscopy can tell us of the structure of matter, so it is 
essential in this first chapter to discuss briefly the nature of electromagnetic 
radiation and the sort of interactions which may occur; we shall also con- 
sider, in outline, the experimental methods of spectroscopy. 

Electromagnetic radiation, of which visible light forms an obvious but 
very small part, may be considered as a simple harmonic wave propagated 
from a source and travelling in straight lines except when refracted or. 
reflected. The properties which undulate—corresponding to the physical 
displacement of a stretched string vibrating, or the alternate compressions 
and rarefactions of the atmosphere during the passage of a sound wave— 
are interconnected electric and magnetic fields. We shall see later that it is 
these undulatory fields which interact with matter giving rise to a spéctrum. 

It is trivial to show that any simple harmonic wave has properties of 
the sine wave, defined by y = A sin 0, which is plotted in Fig. 1.1. Here y is 
the displacement with a maximum value A, and @ is an_angle varying 
between 0 and 360° (or 0 and 2л radians). The relevance of this represen- 
tation to a travelling wave is best seen by considering the left-hand side of 
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2n_ Ө radians 


Figure 1.1 The curve of y = A sin б. 


Fig. 1.2. A point P travels with uniform angular velocity о rad s^! in a 
circular path of radius А; we measure the time from the instant when P 
passes O' and then, after a time t seconds, we imagine P to have described 
an angle 0 = œt radians. Its vertical displacement is then y = A sin 0 = A 
sin wt, and we can plot this displacement against time as on the right-hand 
side of Fig. 1.2. After a time of 2n/o seconds, P will return to O', completing 
a ‘cycle’. Further cycles of P will repeat the pattern and we can describe the 
displacement as a continuous function of time by the graph of Fig. 1.2. 

In one second the pattern will repeat itself о/2л tmes, and this is 
referred to as the frequency (v) of the wave. The SI unit of frequency is called 


the hertz (abbreviated to Hz) and has the dimensions of reciprocal seconds 
(abbreviated s^!) We may then write: 


y = А sin ot = A sin 2nvt (1.1) 


as a basic equation of wave motion. 


So far we have discussed the variation of displacement with time, but in 
order to consider the nature of a travelling wave, we are more interested in 


Figure 12 The description of a sine Curve in terms of the circular motion of a point P ata 
uniform angular velocity of œ rad s-1. 
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Figure 1.3 The concept of a travelling wave with a wavelength 4. 


the distance variation of the displacement. For this we need the fundamen- 
tal distánce-time relationship: 


x=ct (1.2) 


where x is the distance covered in time t at a speed c. Combining (1.1) and 
(1.2) we have: 


2nvx 


y = А sin 2луї = A sin 


and the wave is shown in Fig. 1.3. Besides the frequency v, we now have 
another property by which we can characterize the wave—its wavelength А, 
which is the distance travelled during a complete cycle. When the velocity is 
c metres per second and there are v cycles per second, there are evidently v 
waves in c metres, or 


vA=c A=c/v metres (1.3) 
so we have: 


2 
y=Asin (1:4) 


In spectroscopy wavelengths are expressed іп a variety of units, chosen 
so that in any particular range (see Fig. 1.4) the wavelength does not 
involve large powers of ten. Thus, in the microwave region, 4 is measured 
in centimetres or millimetres, while in the infra-red it is usually given in 
micrometres (um)—formerly called the micron—where 


1 um = 1075 m (1.5) 


In the visible and ultra-violet region, A is still often expressed in Angstrom 
units (A) where 1 A = 107 !? m, although the proper SI unit for this region 
is the nanometre: 


1 nm = 107? m = 10 А (1.6) 
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There is yet a third way in which electromagnetic radiation can be 
usefully characterized, and this is in terms of the wavenumber v. Formally 
this is defined as the reciprocal of the wavelength expressed in centimetres: 


V/A ems + (1.7) 
and hence 
y =A sin 2zyx (1.8) 


It is more useful to think of the wavenumber, however, as the number of 
compete waves or cycles contained in each centimetre length of radiation. 
Since the formal definition is based on the centimetre rather than the metre, 
the wavenumber is, of course, a non-SI unit ; it is, however, so convenient a 
unit for the discussion of infra-red spectra that—like the Angstrom—it will 
be many years before it falls into disuse. 

It is unfortunate that the conventional symbols of wavenumber (y) and 
frequency (у) are similar; confusion should not arise, however, if the units of 
any expression are kept in mind, since wavenumber is invariably expressed 
in reciprocal centimetres (ст!) and frequency іп cycles per second (s~! or 
Hz). The two are, in fact, proportional: у = сӯ, where the proportionality 
constant is the velocity of radiation expressed in centimetres per second 


(that is, 3 х 10'° cm s-!); the velocity in SI units is 


, Of course, 
3х 10% ms! 


L2 THE QUANTIZATION OF ENERGY 


Towards the end of the last century experimental data were observed which 


were quite incompatible with the Previously accepted view that matter 
could take up energy continuousl 


many sorts of energy; €.g., it may possess 
ily rotation about its centre of gravity; it 
to the periodic displacement of its atoms 
; it will have electronic energy since the 
om or bond are in unceasing motion, etc. 
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one level to another only by a sudden jump involving a finite amount of 
energy. 

Consider two possible energy states of a system—two rotational energy 
levels of a molecule, for -example—labelled E, and E, in the following 
diagram. The suffixes 1 and 2 used to distinguish these levels are, in fact, 


—————— Е, 


AE 


E C кла а 


quantum numbers. The actual significance of quantum numbers goes far 
deeper than their use as a convenient label—in particular, we shall later see 
that analytical expressions for energy levels usually involve an algebraic 
function of one or more quantum numbers. Transitions can take place 
between the levels E, and E; provided the appropriate amount of energy, 
AE — E, — E,, can be either absorbed or emitted by the system. Planck 
suggested that such absorbed or emitted energy can take the form of elec- 
tromagnetic radiation and that the frequency of the radiation has the 
simple form: 
v=AE/h Hz 


ie. 
AE = һу joules (1.9) 


where we express our energies E in terms of the joule, and h is a universal 
constant—Planck’s constant. This suggestion has been more than amply 
confirmed by experiment. 

The significance of this is that if we take a molecule in state 1 and direct 
on to it a beam of radiation of a single frequency v (monochromatic 
radiation), where v — AE/h, energy will be absorbed from the beam and the 
molecule will jump to state 2. A detector placed to collect the radiation 


after its interaction with the molecule will show that its intensity has de- 
creased. Also if we use a beam containing a wide range of frequencies 
(' white" radiation), the detector will show that energy has been absorbed 
only from that frequency v — AE/h, all other frequencies being undiminished 
in intensity. In this way we have produced a spectrum—an absorption spec- 
trum. 

Alternatively the molecule may already be in state 2 and may revert to 
state 1 with the consequent emission of radiation. A detector would show 


6 FUNDAMENTALS OF MOLECULAR SPECTROSCOPY 


this radiation to have frequency v = AE/h only, and the emission spectrum 
so found is plainly complementary to the absorption spectrum of the pre- 
vious paragraph. 

The actual energy differences between the rotational, vibrational, and 
electronic energy levels are very small and may be measured in joules per 
molecule (or atom). In these units Planck's constant has the value: 


h = 663 x 10734 joules s molecule"! 


Often we are interested in the total energy involved when a gram-molecule 
of a substance changes its energy state: for this we multiply by the Avo- 
gadro number N = 6-02 x 1023. 

However, the Spectroscopist measures the various characteristics of the 
£ transitions between energy states and 
wavelength, and wavenumber as if 


energy in cm^ !, 


It cannot be too firmly stressed at this point that the frequency of 
radiation Associated with an energy change does not imply that the tran- 
Sition between energy levels occurs a certain number of times each second 
Thus an electronic transition in an atom or molecule may absorb br emit 
radiation of frequency some 1015 Hz but the electronic transition does not 
Itself occur 1015 times per second. It mày occur once or man times an і on 
€ach occurrence it wil] absorb or emit an energy quantu i é JA 
„ate frequency. ое rai 


L3 REGIONS OF THE SPECTRUM 


3 x 105-3 x 1910 Hz; 10 m- 


joules/mole (Chapter 7) 


n.m.r. 


Change of 
Change of Change of Nuclear 
Change of Spin Orientation Configuration Change of Electron Distribution Configuration 
X M. ah R. ae A. 
Visible and 
Microwave Infra-red ultra-violet X-ray yray 


wavenumber 10° 


10nm wavelength 100pm 


Hz 3x10'6 frequency 3x 10" 


105  joules/mole 107 energy 10? 


Figure 1.4 The regions of the electromagnetic spectrum. 


8 FUNDAMENTALS OF MOLECULAR SPECTROSCOPY 


2. Microwave region: 3 x 10!9-3 x 1012 Hz; Т ст-100 um wavelength, 
Rotational spectroscopy. Separauons between the rotational levels of 
molecules are of the order of hundreds of joules per mole (Chapter 2). 

3. Infra-red region: 3 x 1012-3 x 1014 Hz; 100 m-i ит wavelength. 
Vibrational spectroscopy. One of the most valuable spectroscopic re- 
gions for the chemist. Separations between levels are some 10^ joules/ 
mole (Chapter 3). 

4. Visible and ultra-violet regions: 3 x 1014.3 x 10:6 Hz; 1 um-10 nm 
wavelength. Electronic spectroscopy. The separations between the ener- 
gies of valence electrons are some hundreds of kilojoules per mole 
(Chapters 5 and 6). 

5. X-ray region: 3 x 1019-3 x 10!* Hz; 10 nm-100 pm wavelength. Energy 
changes involving the inner electrons of an atom or a molecule, which 
may be of order ten thousand kilojoules (Chapter 5). 

6. y-ray region: 3 x 1018.3 x 1020 Hz; 100 pm-1 pm wavelength. Energy 
changes involve the Tearrangement of nuclear particles, having energies 
of 10—10! joules per gram atom (Chapter 8). 4 


that discovered by Raman and bearing 
+ This, it will be seen, yields information 
Owave and infra-red regions, although 
at observations are made in the visible 


versals produce an absorption 
2. The visible and ultra-vi 


dipole moment, H 
charge Separation, 
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Direction of + а eS 
dipole 


Vertical 
component 
of 
dipole 


time 


Figure 1.5 The rotation of a diatomic molecule, НСІ, showing the fluctuation in the dipole 
moment measured in a particular direction. 


(Fig. 1.5, where we notice that if only a pure rotation takes place, the 
centre of gravity of the molecule must not move), we see that the plus 
and minus charges change places periodically, and the component dipole 
moment in a given direction (say upwards in the plane of the paper) 
fluctuates regularly. This fluctuation is plotted in the lower half of Fig. 
1.5, and it is seen to be exactly similar in form to the fluctuating electric 
field of radiation (cf. Fig. 1.2). Thus interaction can occur, energy can be 
absorbed or emitted, and the rotation gives rise to a spectrum. All mol- 
ecules having a permanent moment are said to be ‘microwave active’. If 
there is no dipole, as іп Н, or CL, no interaction can take place and the 
molecule is ‘microwave inactive’. This imposes a limitation on the appli- 
cability of microwave spectroscopy. 

4. The infra-red region. Here it is a vibration, rather than a ication, which 
must give rise to a dipole change. Consider the carbon dioxide molecule 
as an example, in which the three atoms are arranged linearly with a 
small net positive charge on the carbon and small negative charges on 
the oxygens: 

6- 25+ i 

о 
During the mode of vibration known as the ‘symmetric stretch’, the 
molecule is alternately stretched and compressed, both C—O bonds 
changing simultaneously, as in Fig. 1.6. Plainly the dipole moment re- 
mains zero throughout the whole of this motion, and this particular 
vibration is thus ‘infra-red inactive’. 
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£ 25 5- ^ 
б C O stretched 
8- 284 ô- 
о Ке (0) normal 
EESIN 8— 
Que о compressed 


Figure 1.6 The symmetric stretching vibration of the carbon dioxide molecule. 


However, there is another Stretching vibration called the anti- 
symmetrical stretch, depicted in Fig. 1.7. Here one bond stretches while 
the other is compressed, and vice versa. As the figure shows, there is a 
periodic alteration in the dipole moment, and the vibration is thus ‘infra- 
ted active’. One further vibration is allowed to this molecule (see Cha pter 
3 for a more detailed discussion), known as the bending mode. This, as 
shown in Fig, 1.8, is also infra-red active. In both these motions the 
centre of gravity does not move. 

Although dipole change requirements do impose some limitation on 
the application of infr -red spectroscopy, the appearance or non- 
appearance of certain vibration Írequencies can give valuable infor- 
mation about the structure of a Particular molecule (see Chapter 3). 


sag A O (0) 

[S оь: 

Asymmetric | | | | | | 

stretching C254 c Cc С 5 c 
vibration | | n | c 
SELA m 

FUSE mean. РО 


—À [т . |.) 


Component 
of 


dipole 


Figure 1.7 The asymmetric Stretchin, T; ri xide ecule 
g vibration of the ca bon dioxid molecul Showing the 
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Bending 
vibration 


Dipole | | 
. *. е 
moment 


Vertical 
Component 
of 
Dipole 


Figure 1.8 The bending motion of the carbon dioxide molecule and its associated dipole 
fluctuation. 


5. There is a rather special requirement for a molecular motion to be 
‘Raman active’; this is that the electrical polarizability of the molecule 
must change during the motion. This will be discussed fully in Chapter 4. 


1.4 REPRESENTATION OF SPECTRA 


We show in Fig. 1.9 a highly schematic diagram of a spectrometer suitable 
for use in the visible and ultra-violet regions of the spectrum. A ‘white’ 
source is focused by lens 1 on to a narrow slit (arranged perpendicularly to 
the plane of the paper) and is then made into a parallel beam by lens 2. 
After passing through the sample it is separated into its constituent fre- 
quencies by a prism and is then focused on to a photographic plate by lens 
3; the vertical image of the slit will thus appear on the plate. Rays have 
been drawn to show the points at which two frequencies, v, and vz, аге 
focused. 

If the sample container is empty, the photographic plate, after develop- 
ment, should ideally show an even blackening over the whole range of 
frequencies covered (i.e., from A to B). The ideal situation is seldom realized, 
if only because the source does not usually radiate all frequencies with the 
same intensity, but in any case the blackening of the plate serves to indicate 
the relative intensities of the frequencies emitted by the source. 

If we now imagine the sample space to be filled with a substance having 
only two possible energy levels, E, and E;, the photographic plate, after 
development, will show a blackening at all points except at the frequency 
y =(E, — E,)/h, since energy at this frequency will have been absorbed by 


М! 


Source 
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| 


L = jl 
80000 90 000 100 000 110000 cm=! 


Figure 1.10 Schematic diagram of the absorption spectrum of atomic hydrogen recorded on a 
photographic plate. 


the sample in raising each molecule from state 1 to state 2. Further if, as is 
almost always the case, there are many possible energy levels, E,, Ёз, ..-. 
E;, E,, ... available to the sample, а series of absorption lines will appear 
on the photographic plate at frequencies given by v = (Е, — E,)/h. A typical 
spectrum may then appear as in Fig. 1.10. 

At this point it may be helpful to consider what happens to the energy 
absorbed in the sort of process described above. In the ultra-violet, visible, 
and infra-red regions it is an experimental fact that a given sample con- 
tinues to show an absorption spectrum for as long as we care to irradiate 
it—in other words, a finite number of sample molecules appear to be cap- 
able of absorbing an infinite amount of energy. Plainly the molecules must 
be able to rid themselves of the absorbed energy. 

A possible mechanism for this is by thermal collisions. An energized 
molecule collides with its neighbours and gradually loses its excess energy 
to them as kinetic energy—the sample as a whole becomes warm. - 

Another mechanism is that energy gained from radiation is lost as 
radiation once more. A molecule in the ground state absorbs energy at 
frequency v and its energy is raised an amount AE — hv above the ground 
state. It is thus in an excited, unstable condition, but by emitting radiation 
of frequency v again, it can revert to the ground state and is. able to 
reabsorb from the radiation beam once more. In this case, it is often asked 
how an absorption spectrum can arise at all, since the absorbed energy is 
re-emitted by the sample. The answer is simply that the radiation is re- 
emitted in a random direction and the proportion of such radiation 
reaching the detector is minute—in fact re-emitted radiation has as much 
chance of reaching the source.as the detector. The net effect, then, is an 
absorption from the directed beam and, when re-emission occurs, à scat- 
tering into the surroundings. The scattered radiation can, of course, be 
collected and observed as an emission spectrum which will be—with im- 
portant reservations to be discussed in Chapter 4—the complement of the 
absorption spectrum. Under the right conditions much of the radiation 
emitted from a sample can be in a very coherent beam—so-called laser 
radiation. We discuss this in Sec. 1.10. 
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Photomultiplier 
output (%) 


05, 
fe —+» Frequency (= prism angle) 


Figure 1.12 The idealized spectrum of a molecule undergoing a single transition. 


In modern spectrometers the detector is rarely the simple photographic 
plate of Fig. 1.9. One of the most sensitive and useful devices in the visible 
and ultra-violet region is the photomultiplier tube, consisting of a light- 
sensitive surface which emits electrons when light falls upon it. The tiny 
electron current may be amplified and applied to an ammeter or pen re- 
corder. The spectrometer would then appear somewhat as in Fig. 1.11, 
where the sensitive element of the photomultiplier is situated at the point A 
of Fig. 1.9. The physical width of the beam falling on the detector can be 
limited by the provision of an ‘exit slit’ just in front of the detector entrance. 

The frequency of the light falling on the photomultiplier may be altered 
either by physically moving the latter from A to B or, more usually, by 
steady rotation of the prism. If, as before, we imagine the sample to contain 
a substance having just two energy levels, the photomultiplier output will, 
ideally, vary with the prism orientation as in Fig. 1.12. We say that the 
spectrum has been scanned between the frequencies represented by A and B, 
and such a picture is referred to, rather grandly, as a spectrum in the 
‘frequency domain’, to indicate that it records the detector output against 
frequency. In Sec. 1.8 we shall discuss ‘time domain’ spectroscopy, where the 
detector output is recorded as a function of time. 

Again, the ideal situation of Fig. 1.12 is seldom attained. Not only does 
the source emissivity vary with frequency, but often the sensitivity of the 
photomultiplier is also frequency-dependent. Thus the baseline—the 
‘sample-empty’ conditionis never horizontal, although matters can usu- 
ally be arranged so that it is approximately linear. Further, since it is 
impossible to make either of the slits infinitely narrow, a range of fre- 
quencies, rather than just a single frequency, falls on the photomultiplier at 
any given setting of the prism. This results in a broadening of the absorb- 
ance peak, and the final spectrum may appear rather as in Fig. 1.13. In this 
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0% 
100% 
Transmittance 
Absorbance 
100% 
T A Frequency > B 


Figure 1.13 The usual appearance of the spectrum of a molecule undergoing a single tran- 


; 2 ne 
sition (cf. Fig. 1.12); here the background is no longer constant and the absorption region is 0! 
finite width. 


figure, too, we have plotted absorbance upwards from 0 to 100% and 
transmittance—its complement—downwards. This is the usual way in 
which such spectra are represented. M. 
If there are again several energy levels available to the sample, it is very 
unlikely that there is the same probability of transition between the various 
levels. The question of transition probability will be discussed more fully in 
Sec. 1.7 but here we may note that differences in transition probability will 
mean that the absorbance (or transmittance) at each absorbing frequency 
will differ. This is shown by the varying intensities of the lines on the 
photographic plate of Fig. 1.10 and, more precisely, by the recorder trace of 
Fig. 1.14(a). 
Figure 1.14(a) shows the sort of record which is produced by most 
modern spectrometers, whatever the region in which they operate. One 
other form of presentation is often adopted, however, particularly in the 
microwave and radiofrequency regions, and this is to record the derivative 
of the spectral trace instead of the trace itself. The derivative of a curve is 
simply its slope at a given point. In calculus notation, the derivative of the 
spectral trace is dA/dv, where A is the absorbance. The derivative record is 


thus a plot of the slope dA/dv against v; this is shown in Fig. 1.14(b) 
Corresponding to the plot of F ig. 1.14(a). 


Although at first sight more complex, 
tages over the direct record in some cir 
rather more precisely the centre of each ab: 
peak, the A curve is horizontal, hence d 
marked by the intersection of the derivati 


the derivative trace has advan- 
cumstances. Firstly, it indicates 
sorbance peak: at the centre of a 
A/dv is zero, and the centres are 
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Figure 1.14 To illustrate the relation between absorption and derivative spectra: in (a) the absorption nuclear magnetic 
resonance spectrum of benzyl alcohol, C,H,CH,OH, is shown, and in (b) the derivative (or dispersion) spectrum of the same 
molecule. 
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instrumental reasons, it is often better to measure the relative intensities of 
absorbance peaks from the derivative curve than from the direct trace. 


1.5 BASIC ELEMENTS OF PRACTICAL SPECTROSCOPY 


Spectrometers used in various regions of the spectrum naturally differ 
widely from each other in construction. These differences will be discussed 
in more detail in the following chapters, but here it will probably be helpful 
to indicate the basic features which are common to all types of spectrom- 
eter. We may, for this purpose, consider absorption and emission spectrom- 
eters separately. 


1. Absorption instruments. Figure 1.15(a) shows, in block diagram form, 
the components of an absorption spectrometer which might be used in 
the infra-red, visible, and ultra-violet regions. The radiation from a white 
source is directed by some guiding device (e.g., the lens of Fig. 1.9, or 
mirrors) on to the sample, from which it passes through an analyser (e.g. 
the prism of Fig. 1.9), which selects the frequency reaching the detector at 
any given time. The signal from the latter passes to a recorder which is 
synchronized with the analyser so as to produce a trace of the absorb- 
ance as the frequency varies. 

Placed, often, between the sample and the analyser is a modulator; 
this mechanical or electronic device interrupts the radiation beam a 
certain number of times per second, usually fixed somewhere between 10 
and 1000 times, and its effect is to cause the detector to send an alternat- 
ing current signal to the recorder, with a fixed frequency of 10-1000 Hz, 
rather than the direct current signal which would result from a steady, 
uninterrupted beam. This has two main advantages: (a) the amplifier in 
the recorder can be of a.c. type which is, in general, simpler to construct 
and more reliable in operation than a d.c. amplifier, and (b) the amplifier 
can be tuned to select onfy that frequency which the modulator imposes 
on the signal, thus ignormg all other signals. In this way stray radiation 
and other extraneous signals are removed from the spectral trace and a 
better, cleaner spectrum results. 
dp ihe wn baie ola 
over a range. In this case, as Fig. 1 15) shows, Kcd Fu ui 
the source being, in a senis its ou an rodea podes ator the 
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Figure 1.15 Block diagram of a typical absorption spectrometer for use in (a) the infra-red, visible, and ultra-violet regions where a ‘white’ 
source is available, and (b) the microwave and radiofrequency regions where the source çan be tuned over a considerable range of 
frequencies 
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m 


Excitation 


Figure 1.16 Block diagram of a typical emission spectrometer. 


shows, schematically, a typical spectrometer. The excitation can be ther- 
mal or electrical, but often takes the form of electromagnetic radiation. 
In the latter case it is essential that the detector does not collect radi- 
ation directly from the exciting beam, and the two are placed at right 
angles as shown. A modulator placed between the source of excitation 
and the sample, together with a tuned detector-amplifier, ensures that the 
only emission recorded from the sample arises directly from excitation; 
any other spontaneous emission is ignored. 


1.6 SIGNAL-TO-NOISE: RESOLVING POWER 


Two other spectroscopic terms may be conveniently discussed at this point 
since they will recur in succeeding chapters. 


Signal-to-Noise Ratio 


TS use some form of electronic amplifi- 
by the detector, every recorded spec- 


In Sec. 1.9 we refer briefly to a com i i 
e А puter-averaging tech ich it is 
Possible to improve the effective sai scite al 
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Resolving Power 


This is a somewhat imprecise concept which can, however, be defined rather 
arbitrarily and is often used as a measure of the performance of a spectrom- 
eter. We shall here consider it in general terms only. 

No molecular absorption takes place at a single frequency only, but 
always over a spread of frequencies, usually very narrow but sometimes 
quite large (see Sec. 1.7); it is for this reason that we have up to now drawn 
spectra with broadened line shapes (cf. Fig. 1.14(a)). 

Let us consider two such lines close together, as on the right of Fig. 
1.17(a): the dotted curve represents the absorption due to each line separ- 
ately, the full line their combined absorption. We shall first take the exit slit 
width to be larger than the separation between the lines. Scanning the 


Exit slit 
——- 


(a) 0% Absorption 


(Б) ~ 57, Absorption 


(c) ~90% Absorption 


(d) ~90% Absorption 


4. no — 16258 


(e) % Absorption 


— Frequency 
(d)(c) (b) (a) falling on exit slit 


Figure 1.17 Illustrating the relation between slit width and resolving power: see text for 
discussion. 
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spectrum plainly involves moving the twin absorbance peaks steadily to the 
left so that they pass across the exit slit and into the detector; the situation 
at successive stages is shown in (b), (c), and (d) of Fig. 1.17, the shaded area 
showing the amount of absorbance which the detector would register. At (e) 
of this figure, the absorbance is plotted against frequency, together with the 
approximate positions of stages (a), (b), (c), and (d). 

It is quite evident that the separation between the lines has disappeared 
under these conditions—the lines are not resolved. It is equally evident that 
the use of a much narrower slit would result in their resolution—the resolv- 
ing power would be increased. In fact, provided the slit width is less than the 
separation between the lines, the detector output will show a minimum 
between them. 

However, it must be remembered that a narrower slit allows less total 
energy from the beam to reach the detector and consequently the intrinsic 
signal strength will be less. There comes a point when decreasing the slit 
width results in such weak signals that they become indistinguishable from 
the background noise mentioned in the previous paragraph. Thus spectros- 
copy is a continual battle to find the minimum slit width consistent with 
acceptable signal-to-noise values. Improvements in resolving power may 
arise not only as a result of obtaining better dispersion of the radiation by 
the analyser (e.g., by the use of a diffraction grating rather than a prism for 


the ultra-violet and infra-red regions) but also by using a more sensitive 
detector. 


17 THE WIDTH AND INTENSITY OF 
SPECTRAL TRANSITIONS 


In the preceding sections we have seen that a spectral transition has the 
important property of position, measured in terms of its frequency, wave- 
length, or wavenumber; there are two other important properties. its width 
and its intensity, and we shall consider these briefly here. й. 


1.7.1 The Width of Spectral Lines 


ge of frequencies, rather than a single 
hence blurring the pattern. While im- 
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not precisely determined, but have a! certain fuzziness or imprecision. Sev- 
eral factors contribute to this. 


1. Collision broadening. _Atoms or molecules in liquid and gaseous phases 
are in continual motion and collide frequently with each other. These 
collisions inevitably cause some deformation of the particles and hence 
perturb, to some extent, the energies of at least the outer electrons in 
each. This immediately gives a possible explanation for the width of 
visible and ultra-violet spectral lines, since these deal largely with tran- 
sitions between outer electronic shells. Equally vibrational and rotational 
spectra are broadened since collisions interfere with these motions too. 
In general, molecular interactions are more severe in liquids than in 
gases, and gas-phase spectra usually exhibit sharper lines than those of 
the corresponding liquid. 

In the case of solids, the motions of the particles are more limited in 
extent and less random in direction, so that solid-phase spectra are often 
sharp but show evidence of interactions by the splitting of lines into two 
or more components. 

2. Doppler broadening. Again in liquids and gases the motion of the parti- 
cles causes their absorption and emission frequencies to show a Doppler 
shift; since the motion is random in a given sample, shifts to both high 
and low frequencies occur and hence the spectral line is broadened. In 
general, for liquids collision broadening is the most important factor, 
whereas for gases, where collision broadening is less pronounced, the 
Doppler effect often determines the natural line width. 

3. Heisenberg uncertainty principle. Even in an isolated, stationary mol- 
ecule or atom the energy levels are not infinitely sharp, due to the 
Operation of a fundamental and very important principle, the Uncer- 
tainty Principle of Heisenberg. In effect this says that, if a system exists in 
an energy state for a limited time dt seconds, then the energy of that state 
will be uncertain (fuzzy) to an extent SE where 


дЕ х бї x h/2n z 10734 J 5 (1.10) 


where h is again Planck’s constant. Thus we see that the lowest energy 
State of a system is sharply defined since, left to itself, the system will 
remain in that state for an infinite time; thus ôt = оо, and дЕ = 0. But, 
for example, the lifetime of an excited electronic state is usually only 
about 1078$, which gives a value for ôE of about 
107?*/10-5 = 10-26 J. A transition between this state and the ground 
state will thus have an energy uncertainty of dE, and a corresponding 
uncertainty in the associated radiation frequency of óE/h, which we can 
write as: 


ula (1.11) 
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Thus for our example of an excited electronic state lifetime of 10:583 
бу x 109 Hz. This apparently large uncertainty is, in fact, small com- 
pared with the usual radiation frequency of such transitions, 10'^—10!6 
Hz, and so the natural line width is said to be small; in fact, the apparent 
widths of electronic transitions are far more dependent on collision and 
Doppler broadening than on energy uncertainties. 

On the other hand an excited electron spin state may exist for some 
1077 s which, from Eq. (1.11), leads to a frequency uncertainty of some 
107 Hz for a transition. This, compared with the usual frequency of such 
transitions, 105-10? Hz, represents a very broad transition indeed, and 
here the Heisenberg uncertainty relation is by far the most important 
effect. 

Further examples of the application of Heisenberg's principle will be 
given in later chapters. 


1.7.2 The Intensity of Spectral Lines 


When discussing spectral intensities there are three main factors to be con- 
sidered: the likelihood of a system in one state changing to another state 

the transition probability; the number of atoms or molecules initially in the 
state from which the transition occurs- -the population; and the amount of 


material present giving rise to the spectrum—the concentration or path 
length of the sample. 


1. Transition probability. The detailed calculation of absolute transition 
probabilities is basically a straightforward matter, but as it involves a 
knowledge of the precise quantum mecnanical wave functions of the two 
States between which the transition occurs, it can seldom be done with 
accuracy and is, in any case, beyond the scope of this book. We shall 
generally content ourselves with qualitative statements about relative 
apio probabilities without attempting any detailed calculations 
is ic А ini lower level of sophistication, however, it is often possible 

e whether a particular transition is forbidden or allowed (i.e., 
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is a simple statistical rule governing the population of a set of energy 
levels. 

For example, if we have a total of N molecules distributed between 
two different energy states, a lower and an upper with energies E;,,., and 
Exper» respectively, we would intuitively expect most of the molecules to 
occupy the lower state. Proper statistical analysis bears this out and 
shows that, at equilibrium 


Nupper _ exp( — AE/KT) (1.12) 


lower 


where AE = E„pper — Etower> Т is the temperature in K, and k is a univer- 
sal constant. The expression is known as the Boltzmann distribution, 
after its originator, and k, which has a value of 1:38 x 10-23. J К 1, as 
Boltzmann’s constant. Examples showing the use of this very important 
expression will recur throughout the remaining chapters. 
. Path length of sample. Clearly if a sample is absorbing energy trom a 
beam of radiation, the more-sample the beam traverses the more energy 
will be absorbed from it. We might expect that twice as much sample 
would give twice the absorption, but a very simple argument shows that 
this is not so. Consider two identical samples of the same material, S, 
and S,, and assume that S, or S, alone absorb 50 per cent of the energy 
falling on them, allowing the remaining 50 per cent to pass through. If 
we pass a beam of initial intensity I; through S,, 50 per cent of I, will be 
absorbed and the intensity of the beam leaving S, ‘will be 270; if we then 
pass this beam through S, a further 50 per cent will be absorbed, and 
4 x 47, = Ме will leave S,. Thus two 50 per cent absorptions in suc- 
cession do not add up to 100 per cent but only to 75 per cent absorption. 
An exactly similar relationship exists between the concentration of a 
sample and the amount of energy absorption—a doubling of the concen- 
tration produces something less than a doubling of the absorption. 

These relationships are best expressed in terms of the Beer-Lambert 
law, which is: 


= expt — ecl) (1.13) 


0 


where I, is the intensity of radiation falling on the sample, and I that 
part transmitted, c and | are the sample concentration and length, and є 
is the extinction coefficient or absorption coefficient, which is a constant 
for a given type of transition (e.g., electronic, vibrational, etc.) occurring 
within a particular sample. Clearly є is closely connected with the tran- 
sition probability discussed above, a large probability being associated 
with a large £, and vice versa. 
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18 FOURIER TRANSFORM SPECTROSCOPY 


One of the. major disadvantages of the conventional method of producing a 
spectrum, such as that of Fig. 1.13, is its inherent slowness. Essentially each 
point of the spectrum has to be recorded separately—the spectrometer is set 
to start reading at one end, the frequency is swept smoothly. across the 
whole span of the spectrum, and the detector signal is monitored. and 
recorded. The inefficiency of such a method is clear when one considers 
taking a spectrum with only one or two ‘lines’ in it—we have to sweep from 
One end to the other in order to find the lines, but most of the time is spent 
tecording nothing but background noise. Until recently it was only in the 
visible and ultra-violet regions that the whole of a spectrum could be re- 
corded simultaneously—on a photographic plate—but a new development, 
Fourier transform spectroscopy, is providing simultaneous and almost in- 
stantaneous recording of the whole spectrum in the magnetic resonance, 
microwave, and infra-red regions. In this section we shall briefly discuss the 
basic ideas of the technique, leaving to later chapters more detailed con- 
sideration of its methods and applications. 

Although equally applicable to both 
Copy, it is probably easier to visualize F 
in terms of emission, so let us take the s 
emission of radiation by a sample. Furt 
the line-broadening discussed in the 
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(е) ‘ : 
Figure 1.18 Adding of sine waves. (a) and (c) show the superposition of two sine waves with 
slightly different frequency, with (b) and (d) their sums; (е) shows the summation of five sine 
waves with different frequencies. 
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Mathematically it is simple, but tedious, to resolve a combined wave such 
as Fig. 1.18(b) into its components. Essentially each component wave has its 
own frequency and maximum amplitude, so two components require us to 
evaluate four unknowns from the composite curve. In principle, observation 
of the time domain signal at four points and solution of four simultaneous 
equations will yield the information we seek. 

Adding more than two sine waves complicates the resultant combined 
wave and makes the resolution into components even more tedious, but 
does not change the principle. Figure 1.18(e) shows the result of superim- 
posing five sine waves each of slightly different frequency. It would need 10 
measured points and the solution of 10 simultaneous equations to deter- 
mine the frequency and relative amplitude of each component. Fortunately 
there is a simple and quite general way to resolve a complex wave into its 
frequency components; this is the mathematical process known as the 
Fourier transform, named after the French mathematician Jean Baptiste 
Fourier who developed the method in the early 1800s. Even more fortu- 
nately we do not need to know how the process works: it suffices to say 
that it Is essentially a matter of integration of the complex waveform, and 
that it may be carried out very conveniently nowadays by computer. 

‚ Asan example of its operation let us consider the complex waveform of 
Fig. 1.18(b) and imagine that a suitable detector is responding to this wave- 
Ms A computer Teceiving the detector Output might typically be set to 

]P'e 1t once every millisecond and to store, say, 2000 samplings in sep- 


arate memory locations; it would thus need to collect the signal for just 
two seconds. The compute c 


to the Stored data, taking a further Second or so. 


ght plotted on a suitable 
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Amplitude 


Frequency 


(a) (b) 


“Figure 1.19 The use of the Fourier transform to convert the summed sine waves of (a) into 
their frequency spectrum, (b). 


so each ‘line’ is really a small package of slightly different frequencies. We 
show a typical package in Fig. 1.20(a). In Fig. 1.20(b) we see that the 
package can be considered as arising from a large number of sample mol- 
ecules radiating at exactly Vmax, the frequency maximum of the package, 
with a smaller number of molecules radiating at frequencies away from that 
maximum, the number decreasing as the separation increases. Now, if we 
want to discover the total signal emitted by such a package we could, if we 
had the time, plot out a sine wave for each frequency using an intensity 
proportional to the number of molecules radiating at that frequency, and 
then add all the sine waves together. We are fortunately spared this task 
because it turns out that the Fourier transform is a reciprocal process; just 
as FT converts a time domain signal to a frequency domain spectrum, so it 
will carry out the reverse conversion. Thus if we supply the frequency curve 
of Fig. 1.20(a) to a computer and carry out the FT, the resultant display will 
be exactly the same as adding the component sine waves. The result is 
shown in Fig. 1.20(c). 

We see that a detector receiving the total radiation from a single broad- 
line emission will show an oscillating signal whose overall amplitude decays 
smoothly to zero. The oscillation, is the beat pattern set up by all the 
superimposed, but slightly different, sine waves emitted by the samples; and 
the signal decays because, if we imagine all the waves in the package to be 
‘in step’ initially, after some time has elapsed the many different frequencies 
concerned will be very much out of step, and on average half will have their 
amplitudes in the positive. sense and half in the negative, thus giving a 
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Figure 1.20 (a) shows the frequency distribution of a broad spectral lin- :nd (b) an approx- 
imate histogram of the frequencies; (c) is the Fourier transform of (e^ 
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The beat frequency is identical, but the decay is more rapid in the latter. On 
the other hand, Figs. 1.21(c) and (d) show the FT of two more lines with 
peaks the same width as in Fig. 1.21(a) and (b) respectively, but at a different 
ventral frequency. We see that increasing the frequency of the line gives rise 
to an increased beat frequency. In general it is clear that the position and 
width of a frequency package can be recovered from the time domain signal 
by FT. 

Next we must consider the situation when a sample emits radiation at 
more than one frequency, i.e., has more than one spectral peak. Not sur- 
prisingly the overall result is again the summation of the individual peaks, 
and beat patterns of varying complexity are built up. Thus Fig. 1.2200) 
shows the time domain signal detected from two separate spectral peaks, 
choosing the frequencies used in Fig. 1.21(a) and (c). Figure 1.22(b) shows 
the effect of moving the two peaks close together. The beat pattern becomes 
more pronounced if three spectral lines are involved (Fig. 1.22(c)), and 
rather complex when several randomly spaced lines of different intensities 
are emitted, as in Fig. 1.224). As before, however, we should remember that 
brief observation of the signals whose patterns are shown on the right of 
Fig. 1.22 can be rapidly Fourier-transformed into their resultant spectra 
shown on the left. 

4 Finally, although we stated initially that the FT process is most easily 
Visualized in terms of emission of radiation, the technique is just as readily 
applied to absorption. We have already seen that a ‘white’ source would 
show a single decay signal with no beats; an approximation to this is given 


hh Ара where a very broad emission line (which can be considered as 
urce covering a limited region of the spect d its Fourier 
transform are shown. We can now Eus 


LE dE e imagine an absorbing sample making à 
with its үл еза. às approximated by the left-hand side of Fig. 1.2300), 
E ion resu rw shown on the right. Although we may find it difficult 
сотый ourier-transforming (or even just adding up) the absence of 
o pier frequency, in practice a detector will collect à 
" n be stored b: e 

and displayed as the normal adso y a computer, transform 


i method allows us to d much 
more rapidly than the é : recor spectra 
able; spectrometers INA ia Sweep technique. This in itself is valu- 


34 FUNDAMENTALS OF MOLECULAR SPECTROSCOPY 


(a) 


a 


uc INS я Time —»* 
Frequency ——> 


Figure 1.23 (a) An approximation to a ‘white’ source and its Fourier transform. (b) The effect 
on the Fourier transform of an absorption from the 'white' source. 


time spent obtaining a spectrum from minutes to seconds or even fractions 
of a second, it vastly increases the range of materials which can be studied. 
There are other advantages in using FT instruments, but we shall leave 


discussion of them until the relevant chapters on magnetic resonance and 
infra-red spectroscopy. 


19 ENHANCEMENT OF SPECTRA: 
COMPUTER AVERAGING 


We have already mentioned, in Sec. 1.6, that the problem of background 
noise imposes a limitation on the sensitivity of any spectroscopic 
technique—unless a real signal peak stands out clearly from noise fluctua- 
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tions it is impossible to be sure that it is a signal. A signal-to-noise (S/N) 
ratio of 3 or 4 is usually reckoned necessary for unambiguous recognition of 
a signal. There are several ways in which S/N can be improved for a given 
sample, but all require the expenditure of time. Thus it is possible elec- 
tronically to damp out oscillations of the recorder pen so that it is less 
susceptible to high-frequency noise. The baseline of the spectrum will then 
be smoother, but, because the pen responds more slowly to any change 
(including changes in signal), one must sweep more slowly across the spec- 
trum. Nor is FT spectroscopy immune from noise—detector and amplifier 
noises occur during the collection of data, and are transformed into spuri- 
ous frequencies in the spectrum. 

The advent of cheaper and more powerful computers offers another 
method of signal enhancement, known as ‘computer averaging of transients’ 
or the CAT technique, which involves recording the spectrum stepwise into 
a computer. Of course, this is already done if FT is intended, but it is just as 
easy to sample a frequency domain spectrum at, say, 2000 closely spaced 
points, and to store the intensity at each point in 2000 separate computer 
memory locations. This process may then be repeated as many times as we 
wish, but each time adding the new data into that already existing. Al- 
though in any one scan a weak signal may not be visible above the noise _ 
level, after n summed scans the signal will be n times larger in the store, 
whereas the noise, being random, will sometimes contribute to the store in a 
positive sense and sometimes negatively, so it will accumulate less rapidly. 
In fact it may be shown that n scans increase the noise level in the store by . 
п!!?, so the net gain in S/N is n/n!? = п!/2. 

If a single scan takes several minutes, as is usually the case in conven- 
tional frequency-sweep spectroscopy, the necessity to store 100 scans in 
order to give an improvement in S/N by a factor of 10 is rather costly in 
instrument time, so CAT techniques are not often applied to such measure- 
ments. However, the combination of CAT with FT is very powerful indeed. 
Here oné time-domain scan can be completed in a second or two, and 100 
scans will only occupy a couple of minutes; thus a tenfold gain in S/N can 
be achieved in a total time often less than that required for a non-enhanced 
spectrum by ordinary sweep methods. So useful is the combination of CAT 
with FT that virtually all FT spectrometers are routinely equipped with 
CAT facilities. 

Other benefits follow from the addition of a computer to a spectrom- 
eter. The spectrum of a solvent or other background can be stored in the 
computer and subtracted from the observed spectrum in order to isolate the 
spectrum of the substance, or peak intensities can be automatically mea- 
sured and converted to sample concentrations. Even the operation of the 
spectrometer itself can usefully be entrusted to the computer—samples can 
be changed automatically, and the optimum operating conditions can be 
determined and set for each new sample. 
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1.10 STIMULATED EMISSION: LASERS 


We have already mentioned that, once radiation has been absorbed by a 
sample, the sample can lose its excess energy either by thermal collisions or 
by re-emission of radiation. In this section we shall consider the latter 
process in more detail, because it leads to the very important topic of laser 
radiation. 

Radiation may be emitted by an excited molecule or atom either spon- 
taneously or as the result of some stimulus acting on the molecule, called 
stimulated emission. Which of these two processes is most likely to occur in 
any given case depends on the energy jump involved, i.e., on the frequency 
of the radiation being emitted. For high-frequency transitions (infra-red, 
visible, and ultra-violet upwards) spontaneous emission is by far the most 
likely; conversely, for low-frequency changes (microwave and magnetic 
resonance) spontaneous emission is unlikely and, if the right conditions 
obtain, stimulated emission will occur. 

Stimulated emission is a resonance phenomenon—an excited state 
drops to the ground state (emitting radiation of frequency v — AE/h, where 
AE is the energy gap), only when a photon (i.e. radiation) of the same 
frequency v interacts with the system. We illustrate the situation in Fig. 
1.24. On the left, in both (a) and (b), we show the excitation of a molecule by 
absorption of radiation of frequency v,, . At the right in (а) we show spon- 
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Figure 1.24 Showi A 
owing (a) spontaneous and (b) stimulated emission from an excited energy state. 
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taneous emission, when radiation Vemi. is spontaneously given out, ánd, in 
(b) stimulated emission where a photon of frequency v,,, interacts with the 
excited state and causes radiation of frequency у, „и, to be released. Note 
particularly that, although we have given different subscripts to Vex.» Vemit.» 
and Vaim. in order to indicate their origins, they all represent exactly the: 
same frequency, the frequency AE/h. 

Radiation emitted under stimulation of this sort has three very import- 
ant qualities. Firstly it is of a very precisely defined frequency: the excited 
state does not spontaneously decay, so it is inherently long-lived, which 
implies (see the discussion of Heisenberg uncertainty in Sec. 1.7.1) a narrow 
energy level. Secondly the emitted radiation is in phase with the stimulating 
radiation: the excited state is stimulated to emit by interaction with the 
oscillating electromagnetic field of Vstim.» SO it is not surprising that the 
maximum amplitude of the emitted wave coincides with that of Vsim.- And, 
since the waves are exactly the same frequency, they remain in phase as 
they leave the sample. Finally, the stimulating and emitted radiation are 
coherent, which means that they travel in precisely the same direction. In 
contrast spontaneous emission can occur at any time (so each emitted 
photon is not necessarily in phase with any other), in any direction, and 
within a more or less broad range of frequencies. 

Of course the stimulating radiation of Fig. 1.24 is still present in the 
system after emission has occurred—it is in no way absorbed—so it can go 
on to interact with another excited molecule to induce more emission. 
Equally the emitted radiation has the right frequency to stimulate emission 
from yet another excited molecule. Clearly, all the time a supply of excited 
molecules exists, this process is likely to cascade and a great deal of radi- 
ation may be emitted coherently. This amplification of the original stimu- 
lating photon is reflected in the name of the process—light amplification by 
stimulated emission of radiation, or laser. 

In fact, as we have said, light (or, more properly, visible radiation) is far 
more likely to be emitted spontaneously, and so not to have the coherent 
properties of laser radiation. It was in the mierowave region that the first 
successful amplification by stimulated emission was performed (and the 
process was therefore christened maser, standing for microwave amplifica- 
tion by stimulated emission of radiation). For the process to be possible in 
higher-frequency regions it is necessary to find systems with long-lived 
excited states so that stimulated, rather than spontaneous, emission may 
predominate, and this may only be achieved if more than two energy levels 
are involved. 

Consider the three energy*levels of Fig. 1.25(a). Excitation from the 
ground state, level 1, to the normal excited state, level 2, can occur by 
absorption of radiation, as usual. Provided that, as well as emitting sponta» 
neously, level 2 can transfer some molecules into a metastable state (level 3) 
which cannot easily revert spontaneously to the ground state, then the 
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Figure 1.25 Showing the ener; 


£y levels of (a) a three-level and (b) a four-level system operating 
as a laser. 


~* above the ground State, and they then 
Т action, emitting radiation at about 
m excited to metastable state releases 
€ ruby must be allowed to cool before 
ced; it is thus operated as a pulsed laser. 
In some cases the laser emission arises by reversion of level 3 to a lower 
l, as shown in the four-level system of 
particularly when, as is quite ossible, 
levels 3 and 4 belon irely different Phor packs еў 1 
апа 2. For example їп the helium-neon laser it is the helium atoms which 
, and which then transfer their excitation 
energy to neon atoms by collisi 


lisions; this can happen only because neon has 


tly the same 
» SO a resonance transfer of 
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The extreme coherence of laser radiation makes it ideal in applications 
like communications, distance measurement, etc., but from. the spectro- 
scopic point of view its very narrow frequency spread makes it directly 
useful in only one area. This is Raman spectroscopy where, as we shall see 
in Chapter 4, the requirement is for an intense monochromatic source. For 
this the laser—almost any laser—is ideal. 

For virtually all other spectroscopic measurements, however, either a 
wide-band or a tunable source is desirable. Lasers cannot be wide-band 
(although the CO, laser, to be described in Sec. 3.8.4, comes close to this), 
but recent developments have led to their becoming tunable. In order to 
change the emission frequency of a laser system it is necessary to be able to 
modify the energy levels between which transitions take place. Solids emit- 
ting laser radiation can be subjected to varying temperatures or pressures in 
order smoothly to change the relevant energies, but the extent of such 
changes is relatively small. More usefully, lasers made from coloured or- 
ganic substances in solution—the so-called dye lasers—are widely tunable. 
In these the active material is usually a rare-earth ion held in the centre of 
an organic ‘ligand’ which complexes firmly to the ion. The tuning is brought 
about by changes in temperature, solvent, or concentration, and it is now 
possible to produce laser emission anywhere from the near infra-red to the 
ultra-violet. The possibilities for using such intense, sharply defined but 
variable-frequency sources routinely in spectroscopy are tremendous, and 
this technique will certainly become increasingly important in the near 
future. 


PROBLEMS 


(Useful constants: № = 6:023 x 1023 mol~!; k = 1:381 х 10722 J K^'; л = 6:626 х 1073“ 
Js; с = 2:998 x 10% m s^!) 


1.1 The wavelength of the radiation absorbed during a particular spectroscopic transition is 
observed to be 10 ит. Express this in frequency (Hz) and in wavenumber (cm !), and calcu- 
late the energy change during the transition in both joules per molecule and joules per mole. If 
the energy change were twice as large, what would be the wavelength of the corresponding 
radiation? 

1.2 Which of the following molecules would show (a) a microwave (rotational) spectrum, 
(b) an infra-red (vibrational) spectrum: Br; , HBr, CS,? | 

1.3 A particular molecule is known to undergo spectroscopic transitions between the ground 
state and two excited states, (a) and (b), its lifetime in (a) being about 10 s, and in (b) about 
0-1 s. Calculate the approximate uncertainty in the excited state energy levels and the widths 
of the associated spectral ‘lines’ in hertz. 

1.4 A certain transition involves an energy change of 4-005 x 10-7? J molecule: '. If there are 
1000 molecules in the ground state, what is the approximate equilibftum population of the 
excited state at temperatures of (a) 29 K, (b) 145 K, (c) 290 K and (d) 2900 K? What would 
your answer have been if the energy change were 10 times greater? 


CHAPTER 


TWO 
MICROWAVE SPECTROSCOPY 


2.1 THE ROTATION OF MOLECULES 


We saw in the previous chapter that spectroscopy in the microwave region 
is concerned with the study of rotating molecules. The rotation of a three- 
dimensional body may be quite complex and it is convenient to resolve it 
into rotational components about three mutually perpendicular directions 
through the centre of gravity—the principal axes of rotation. Thus a body 
has three principal moments of inertia, one about each axis, usually desig- 
nated I4, I5, and Ic. 

Molecules may be classified into groups according to the relative values 
of their three principal moments of inertia—which, it will be seen, is tant 
mount to classifying them accordin 
classification here before discussin 
arising from each group. 


a- 
g to their shapes. We shall describe this 
g the details of the rotational spectra 


1. Linear molecules, These, as the name implies, 
the atoms are arranged in a straight line, such 
or carbon oxysulphide OCS, 
rotation may be taken as (a 


are molecules in which all 
as hydrogen chloride НСІ, 
illustrated below. The three directions of 
) about the bond axis, (b) end-over-end 


H——CI 
: 0——c—-gs 
rotation in the plane of the Paper, and (c) end-over-end rotation at right 


angles to the plane. It is self-evident that the moments of (b) and (c) are 
the same (ie., I, = Ic) while that of (a) is Very small. As an approx- 
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imation we may say that J, = 0, although it should be noted that this is 
only an approximation (see p. 46). 
Thus for linear molecules we have: 


Ig — Ic І. = 0 (2.1) 


. Symmetric tops. Consider a molecule such as methyl fluoride, where the 


three hydrogen atoms are bonded tetrahedrally to the carbon, as shown 
below. As in the case of linear molecules, the end-over-end rotation in, 


UA 


ies 
H 


and out of, the plane of the paper are still identical and we have I, = Ic. 
The moment of inertia about the C—F bond axis (chosen as the main 
rotational axis since the centre of gravity lies along it) is now not negli- 
gible, however, because it involves the rotation of three comparatively 
massive hydrogen atoms off this axis. Such a molecule spinning about 
this axis cán be imagined as a top, and hence the name of the class. We 
have then: 


Symmetric tops: Ig = Ic #1, I0 (2.2) 


There are two subdivisions of this class which we may mention: if, as 
in methyl fluoride above, Iş = Ic > I4, then the molecule is called a 
prolate symmetric top; whereas if I, = Ic < I,, it is referred to as oblate. 
An example of the latter type is boron trichloride, which, as shown, is 
planar and symmetrical. In this case I, = 21 = 21 


CI 


- Spherical tops. When a molecule has all three moments of inertia ident- 


ical, it is called a spherical top. A simple example is the tetrahedral 
molecule methane CH,. We have then: 


H 


| 


Prae 
ls S a 


Spherical tops: I4 = Ig = Ic (2.3) 
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In fact these molecules are only of academic interest in this chapter. 
Since they can have no dipole moment owing to their symmetry, rota- 
tion alone can produce no dipole change and hence no rotational spec- 
trum is observable. Am 

4. Asymmetric tops. These molecules, to which the majority of substances 
belong, have all three moments of inertia different: 


D XI, (2.4) 
Simple examples are water Н,О, and vinyl chloride CH ,—CHCI. 


[o 
к^. Ex 
H 
NM: us 


С=С 


4 a 


Perhaps it should be pointed out that one can (and often does) 
describe the classification of molecules into the four rotational classes in 
far more rigorous terms than have been used above (see, for example, 
Herzberg, Molecular Spectra and Molecular Structure, vol. П). However, 
for the purposes of this book the above description is adequate. 


H 
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We have seen that rotational energy, along with all other forms of molecu- 
lar energy, is quantized: this means that a molecule cannot have any arbi- 
trary amount of rotational energy (ie, any arbitrary value of angular 
momentum) but its energy is limited to certain definite values depending on 
the shape and size of the molecule concerned. The permitted energy 
values—the so-called rotational energy levels—may in principle be calcu- 
lated for any molecule by solving the Schródinger equation for the system 
Tepresented by that molecule. For simple molecules the mathematics in- 
volved is straightforward but tedious, while for complicated systems it is 
probably impossible without gross approximations. We shall not concern 
ourselves unduly with this, however, being content merely to accept the 
results of existing solutions and to point out Where reasonable approxi- 
mations may lead. 

We shall consider each class of rotating molecule in turn, discussing the 
ar molecule in most detail, becaus 


) € much of its treatment can be directly 
extended to symmetrical and unsymmetrical molecules, 
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2.3 DIATOMIC MOLECULES 


2.3.1 The Rigid Diatomic Molecule 


We start with this, the simplest of all linear molecules, shown in Fig. Xis 
Masses m, and m, are joined by a rigid bar (the bond) whose length is 


rg —T, +72 (2.5) 


The molecule rotates end-over-end-about a point C, the centre of gravity: 
this is defined by the moment, or balancing, equation: 


m,r, = mr» (2.6) 
The moment of inertia about C is defined by: 
I=m r} + тт 
* —gnaror, + M1172 (from (2.6)) 
= r; ra(m; + m3) (2.7) 
But, from (2.5) and (2.6): 


Туту = M212 = myro — гу) 


therefore, 
m 
n= tec and г. = aero (2.8) 
m; + т m, tm; 
Replacing (2.8) into (2.7): 
mm; 2 2 

]12————ro-u' (2.9 
mi m, о = Шо ) 


where we have written и = m,m,/(m, + m2), and p is called the reduced 
mass of the system. Equation (2.9) defines the moment of inertia con- 
veniently in terms of the atomic masses and the bond length. 


m, ma 


EL o fi 


| 
E: _ 


Figure 2.1 A rigid diatomic molecule treated as two masses, т and m,, joined by a rigid bar 
of length ro =r, + rz- 
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By the use of the Schrödinger equation it may be"shown that the 
rotational energy levels allowed to the rigid diatomic molecule are given by 
the expression: 


2 

Е, = 25 JU + 1) joules where J = 0, 1, 2,... (2.10) 

8z*1 

In this expression h is Planck's constant, and J is the moment of inertia, 
either I, or Ic, since both are equal. The quantity J, which can take integral 
values from zero upwards, is called the rotational quantum number: its re- 
striction to integral values arises directly out of the solution to the Schró- 
dinger equation and is by no means arbitrary, and it is this restriction 
which effectively allows only certain discrete rotational energy levels to the 
molecule. 

Equation (2.10) expresses the allowed energies in joules; we, however, 
are interested in differences between these energies, or, more particularly, in 
the corresponding frequency, v = AE/h Hz, or wavenumber, v» = AE/hc 
em '', of the radiation emitted or absorbed as a consequence of changes 
between energy levels. In the rotational region spectra are usually discussed 


in terms of wavenumber, so it is useful to consider energies expressed in 
these units. We write: 


E h 
а = + em (J =0,1,2,...) (2.11) 


where c, the velocity of light, is here expressed in cm s~}, since the unit of 
wavenumber is reciprocal centimetres. 


Equation (2.11) is usually abbreviated to: 


ё; = BJ(J + 1) cm^! (J =0, 1, 2,...) (2.12) 
where B, the rotational constant, is given by 


Bu h 

"gun. ™ (2.13) 
in which we have used ex 
equally well have used 1, 

(2.13) is conventional. 
From Eq. (2.12) we can show the 
matically as in Fig. 2.2. Plainl 
that the molecule is not rota 


plicitly the moment of inertia I. We might 
c and a rotational constant C, but the notation of 


= 1, the rotational energy is 
: lowest ап; 
We may continue to calculate £j with increasin CO E 
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Figure 2.2 The allowed rotational energy levels of a rigid diatomic molecule. 


Figure 2.3 Allowed transitions between the energy levels of a rigid diatomic molecule and the 
spectrum which arises from them. 


We now need to consider differences between the levels in order to . 
discuss the spectrum. If we imagine the molecule to be in the J = 0 state 
(the ground rotational state, in which no rotation occurs), we can let incident 


radiation be absorbed to raise it to the J = 1 state. Plainly the energy 
absorbed will be: 


ёт — £j-9 = 2B — 0 = 2B cem ^! 
and, therefore, 
Vrsédyer = 2B = coi (2.14) 
In other words, an absorption line will appear at 2B cmt. If now the 


molecule is raised from the J = 1 to the J = 2 level by the absorption of 
more energy, we see immediately: 


Уу=1зу=2 = 6je2 — 52-71 
Pv (2.15) 


46 FUNDAMENTALS OF MOLECULAR SPECTROSCOPY 


In general, to raise the molecule from the state J to state J + 1, we would 
have: 


3.544 = BU + 1)U + 2) — BJU + 1) 
= BIJ? + 3J + 2 — (J? + Л] 
ог 
3,5741 = 2B(J + 1) cm! (2.16) 


Thus a stepwise raising of the rotational energy results in an absorption 
spectrum consisting of lines at 2B, 4B, 6B, ..., ст 1 while a similar lower- 
ing would result in an identical emission spectrum. This is shown at the foot 
of Fig. 2.3. 

In deriving this pattern we have made the assumption that a transition 
can occur from a particular level only to its immediate neighbour, either 
above or below: we have not, for instance, considered the sequence of 
transitions J = 0 J = 2- J = 4.... In fact, a rather sophisticated appli- 
cation of the Schrödinger wave equation shows that, for this molecule, we 
need only consider transitions in which J changes by one unit—all other 
transitions being spectroscopically forbidden. Such a result is called a selec- 
tion rule, and we may formulate it for the rigid diatomic rotator as: 


Selection rule: AJ = +1 (2.17) 


тк Eq. (2.16) gives the whole spectrum to be expected from such a mol- 
ecule. 

Of course, only if the molecule is asymmetric (heteronuclear) will this 
spectrum be observed, since if it is homonuclear there will be no dipole 
component change during the rotation, and hence no interaction with radi- 
ation. Thus molecules such as НСІ and CO will show a rotational spec- 

‚ trum, while М, апа O; will not. Remember also, that rotation about the 
bond axis was rejected in Sec. 2.1: we can now see that there are two 
reasons for this. Firstly, the moment of inertia is very small about the bond 
so, applying Eqs (2.10) or (2.11) we see that the energy levels would be 
extremely widely spaced: this means that a molecule requires a great deal of 
Fel a be raised from the J = 0 to the J = 1 state, and such transitions 
ee E normal Spectroscopic conditions. Thus diatomic (and 
obs А s are in the J = 0 state for rotation about the bond axis, 

ey may said to be not rotating. Secondly, even if such a transition 
rip occur, there will be no dipole change and hence no spectrum 
um o TEM this section we shall apply Eq. (2.16) to an observed spec- 
in order to determine the moment of inertia and hence the bond 
length. Gilliam et а! | have measured the first line (J = 0) іп. the rotation 


T Gilliam, Johnson, and Gordy, Physical Review, 78, 140 (1950). 
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spectrum of carbon monoxide as 3:842 35 cm ^ 1 Hence from Eq. (2.16): 


йо: = 384235 =2В ст! 
Or, 
B-192118cm^! 
Rewriting Eq. (2.13) as: I = h/8z^ Bc, we have 
d 6:626 x 10 ?* _ 279907 x 1074? 
со = gn? x 299793 x 1010 х В В i 
= 14-5695, x 10747 kg m? 


kg m? 


where we express the velocity of light in cm s^ 1. since B is in cm‘. But the 
foment of inertia is ur? (cf. Eq. (2.9)) and, knowing the relative atomic 
weights (Н = 1:0080) to be C= 12-0000, O = 15-9994, and the absolute 
mass of the hydrogen atom to be 1:67343 х 1072? kg, we can calculate 
the masses of carbon and oxygen, respectively, as 19-92168 and 
26:56136 х 10727 kg. The reduced mass is then: 


. 19:92168 x 26-561 36 x 10° ** 


46-483 03 x 1072? = 11:38365 х 10777 kg 


2 


yp? === 1-2799 % 1077 'm? 


I 
и 
апа 

rco = 0:1131 nm (or 1-131 А) 


2.32 The Intensities of Spectral Lines 


We want now to consider briefly the relative intensities of the spectral lines 
of Eq. (2.16); for this a prime requirement is plainly a knowledge of the 
relative probabilities of transition between the various energy levels. Does, 
for instance, a molecule have more or less chance of making the transition 
J—0—J = 1 than the transition J — 1— J = 2? We mentioned above 
calculations which show that a change of. AJ = +2, +3, etc, was 
forbidden—in other words, the transition probability for all these changes is 
zero. Precisely similar calculations show that the probability of all changes 
with AJ = +1 is almost the same—all, to a good approximation, are 
equally likely to occur. 
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This does not mean, however, that all spectral lines will be equally 
intense. Although the intrinsic probability that a single molecule in the 
J = 0 state, say, will move to J = 1 is the same as-that of a single molecule 
moving from J = 1 to J = 2, in an assemblage of molecules, such as in a 
normal gas sample, there will be different numbers of molecules in each 
level to begin with, and therefore different total numbers of molecules will 
carry out transitions between the various levels. In fact, since the intrinsic 
probabilities are identical, the line intensities will be directly proportional to 
the initial numbers of molecules in each level. 

The first factor governing the population of the levels is the Boltzmann 
distribution (cf. Sec. 1.7.2). Here we know that the rotational energy in the 
lowest level is zero, since J = 0, so, if we have N o molecules in this state, the 
number in any higher state is given by: 


N,/No = exp (—E,/kT) = exp {—BhcJ(J + 1)/kT} (2.18) 


where, we must remember, c is the velocity of light in.cm s^! when B is in 
cm t. A very simple calculation shows how N, varies with J; for example, 
taking a typical value of B—2cm- 5 and room temperature (say 
T = 300 К), the relative population in the J = 1 state is: 


N, | 2 x 6:63 x 10734 x 3 x 102 x 1x 2 
Rone CAD — mo 
No 1:38 x 107?? x 300 


= exp (— 0:019) = 0:98 


and we see that there are almost as many molecules in the J — 1 state, at 
equilibrium, as in the J — 0. In a similar way the two graphs of Fig. 2.4 
have been calculated, showing the more rapid decrease of N,/N, with 
Increasing J and with larger B. 

A second factor is also required—the possibility of dege 
energy states. Degeneracy is the existence of two or more 
Which have exactly the same energy. In the case of the diatomic rotator we 
may approach the problem in terms of its angular momentu 


The defining equations for the energy and angular momentum of a 
rotator are: 


neracy in the 
energy states 


E-Mo? р 


where I is the moment of iner 


tia, w the rotational fi гал: r 
second), and P the angular m requency (in radians per 


omentum. Rearrangement of these gives 
Р = ‚/2Е[ 


The energy level expression of Eq. (2.10) can be rewritten: 


h? 
2EI = ДУ + 1) es 
T 
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Figure 2.4 The Boltzmann populations of the rotational energy levels of Fig. 2.2. The diagram 
has been drawn taking values of B = 5 and 10 cm ^ ! and T = 300 К in Eq. (2.18). 


and hence 
h 
P= ./J(J + 1) E / J(J + 1) units (2.19) 


where, following convention, we take h/2 as the fundamental unit of angu- 
lar momentum. Thus we see that P, like E, is quantized. 

Throughout the above derivation P has been printed in bold face type 
to show that it is a vector—i.e., it has direction as well as magnitude. The 
direction of the angular momentum vector is conventionally taken to be 
along the axis about which rotation occurs and it is usually drawn as an 
arrow of length proportional to the magnitude of the momentum. The 
number of different directions which an angular momentum vector may 
take up is limited by a quantum mechanical law which may be stated: 

*For integral values of the rotational quantum number (in this case J), 
the angular momentum vector may only take up directions such that its 
component along a given reference direction is zero or an integral multiple 
of angular momentum units.’ 
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Figure 2.5 The three degenerate orientations of the rotational angular momentum vector for a 
molecule with J = 1. 


We can see the implications of this most easily by means of a diagram. 
In Fig. 2.5 we show the case J.= 1. Here P = ,/1 x 2 units = nfs and, as 
Fig. 2.5(a) shows, a vector of length “(= 1-41) сап have only three integ- 
ral or zero components along a reference direction (here assumed to be 
from top to bottom in the plane of the paper): +1, 0, and —1. Thus the 
angular momentum vector in this instance can be oriented in only three 
different directions (Fig. 2.5(b)-(d)) with respect to the reference direction. 


All three rotational directions are, of course, associated with the same angu- 
lar momentum and hence the same rotational energy: the J — 1 level is thus 
threefold degenerate. 


Figure 2.6(a) and (b) shows the situation for J = 2 (P= /6) and J = 3 
(P= 2,/3) with fivefold and sevenfold degeneracy respectively. In general it 
may readily be seen that each energy level is 2J + 1-fold degenerate. 

Thus we see that, although the molecular population in each level 
decreases exponentially (Eq. (2.18)), the number of degenerate levels avail- 
able increases rapidly with J. The total telative population at an energy E; 
will plainly be: 


Population © (2J + 1) exp (—E КТ) (2.20) 
When this is Plotted against J the-points fall ona curve of the type shown 
in Fig. 2.7, indicating that the Population rises to a maximum and then 
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Figure 2.6 The five and seven degenerate rotational orientations for a molecule with J = 2 
and J = 3 respectively. 
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Figure 2.7 The total relative populations, including degeneracy, of the rotational energy levels 
of a diatomic molecule. The diagram has been drawn for the same conditions as Fig. 24.. 


5 
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diminishes. Differentiation of Eq. (2.20) shows that the population is a max- 
imum at the nearest integral J value to: 


Maximum population: J = E I (2.21) 
P $ 2hcB 2 


We have seen that line intensities are directly proportional to the popu- 
lations of the rotational levels, hence it is plain that transitions between 
levels with very low or very high J values will have small intensities while 
the intensity will be a maximum at or near the J value given by Eq. (2.21). 


2.3.3 The Effect of Isotopic Substitution 


When a particular atom in a molecule is replaced by its isotope—an ele- 
ment identical in every way except for its atomic mass—the resulting sub- 
stance is identical chemically with the original. In particular there is no 
appreciable change in internuclear distance on isotopic substitution. There 
is, however, a change in total mass and hence in the moment of inertia and 
B value for the molecule. 

Considering carbon monoxide as an example, we see that on going 
from 12180 to !3C!50 there is a mass increase and hence a decrease in 
the B value. If we designate the !?C molecule with a prime we have B >В. 
This change will be reflected in the rotational energy levels of the molecule 
and Fig. 2.8 shows, much exaggerated, the relative lowering of the '?C 
levels with respect to those of !2C. Plainly, as shown by the diagram at the 
foot of Fig. 2.8, the Spectrum of the heavier species will show a smaller 
separation between the lines (2B) than that of the lighter one (2B). Again 
the effect has been much exaggerated for clarity, and the transitions due to 
the heavier molecule are shown dashed. 

Observation of this decreased separation has led to the evaluation of 
Precise atomic weights. Gilliam et al, as already stated, found the first 
rotational absorption of !^C!6O to be at 3.84235 cem^', while that of 


ClO was at 3-673 37 cm~*. The values of B determined from these 
figures are: 


B-1920118cm^! and p= 1:836 69 cm~! 
where the prime refers to the heavier molecule. We have immediately : 


PO EU E tS ONT T 
B' 8л?1с h MS 1:046 
Where и is the reduced mass, and the i ; E 
z » nternucl 7 : 
unchanged by isotopic substi rnuclear distance is considered 


tution. Taking th 
159994 and that of carbon-12 to be 12-00, we have: ^ n 2801 to be 


E Nd. 15:9994m' x 12 + 15-9994 
u 15:9994 + m' ^ 12 x 15-9994 
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Figure 2.8 The effect of isotopic substitution on the energy levels and hence rotational spec- 
trum of a diatomic molecule such as carbon monoxide. 


from which m', the atomic weight of carbon-13, is found to be 13-0007. This 
is within 0-02 per cent of the best value obtained in other ways. 

It is noteworthy that the data quoted above were obtained by Gilliam 
et al. from !?C!5O molecules in natural abundance (i.e., about 1 per cent of 
ordinary carbon monoxide). Thus, besides allowing an extremely precise 
determination of atomic weights, microwave studies can give directly an 
estimate of the abundance of isotopes by comparison of absorption inten- 
sities. 


2.3.4 The Non-Rigid Rotator 


At the end of Sec. 2.3.1 we indicated how internuclear distances could be 
calculated from microwave spectra. It must be admitféd that we selected 
our data carefully at this point—spectral lines for carbon monoxide, other 
than the first, would not have shown the constant 2B separation predicted 
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Table 2.1 Rotation spectrum of hydrogen fluoride 


Vom t aet Дә. B / 
J бї» бш) (en) (= 449) (am 


0 4108 41и 

41-11 — 20:56 0-0929 
1 8219 8218 

4096 2048 0-0931 
2 12345 123-14 


40:85 20:43 0-0932 
3 1640 163-94 


40-62 20:31 0:0935 
4 20462 20455 


40:31 20:16 0:0938 
5 244-93 244-89 


40-08 20-04 0-0941 
6 28501 284-93 


39-64: 19-82 0-0946 
7 32465 324-61 


39-28 19-64 0-0951 
8 36393 363-89 


38.89 19-45 0:0955 
9 40282 40270 


38-31 19-16 0-0963 
10 441413 441-00 


37-81 18-91 0-0969 

11 478-94 478-74 
-t Lines numbered according to y, = 2B(J + 1) cm^ ', 
Observed data from ‘An Examination of the Far Infra-red 


Contract No. AF 19% 
authors. 


t See Sec. 2.3.5 for details of the calculation. 


by Eq. (2.16). This is sh 
Table 2.1; it is evident 
hence the apparent B val 

The reason for this 


3 asticity may be quantitatively allowed for in 
rotational spectra, we shall consider briefly two of its consequences, First, 
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when the bond is elastic, a molecule may have vibrational energy—i.e., the 
bond will stretch and compress periodically with a certain fundamental 
frequency dependent upon the masses of the atoms and the elasticity (or 
force constant) of the bond. If the motion is simple harmonic (which, we 
shall see in Chapter 3, is usually a very good approximation to the truth) 
the force constant is given by: 


k = An?o? cu (2.22) 


where à is the vibration frequency (expressed in ст !), and c and и have 
their previous definitions. Plainly the variation of B with J is determined by 
the force constant—the weaker the bond, the more readily will it distort 
under centrifugal forces. 

The second consequence of elasticity is that the quantities r and B vary 
during a vibration. When these quantities are measured by microwavé tech- 
niques many hundreds of vibrations occur during a rotation, and hence the 
measured value is an average. However, from the defining equation of B we 
have: 


h h 


Bo em 
8л21с  8m?cur? 


or 
B ос 1/r? (2.23) 


since all other quantities are independent of vibration. Now, although in 
simple harmonic motion a molecular bond is compressed and extended an 
equal amount on each side of the equilibrium distance and the average 
value of the distance is therefore unchanged, the average value of 1/r? is not 
equal to 1/r2, where r, is the equilibrium distance. We can see this most 
easily by an example. Consider a bond of equilibrium length 0-1 nm vibrat- 
ing between the limits 0-09 and 0-11 nm. We have: 


j 0-11 
qu П о, 


but 


2 


(Ay. 0090x010 10305 nmt 
6 av 


and therefore <r),y, = s/1/103-5 = 0:0985 nm. The difference, though small, 
is not negligible compared with the precision with which B can be measured 
spectroscopically. And in fact the real situation is rather worse. We shall see 
in Chapter 3 that real vibrations are not simple harmonic, since a real bond 
may be stretched more easily than it may be compressed, and this usually 
results in r,y, being greater than req. ; 
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It is usual, then, to define three different sets of values for B and r. At 
the equilibrium separation, r,, between the nuclei, the rotational constant is 
В,; in the vibrational ground state the average internuclear separation is rg 
associated with a rotational constant By; while if the molecule has excess 
vibrational energy the quantities are r, and B,, where v is the vibrational 
quantum number. 

During the remainder of this chapter we shall ignore the small differ- 
ences between By, B,, and B,—the discrepancy is most important in the 
consideration of vibrational spectra in Chapter 3. 

We should note, in passing that the rotational spectrum of hydrogen 
fluoride given in Table 2.1 extends from the microwave well into the infra- 
red region (cf. Fig. 1.4). This underlines the comment made in Chapter 1 
that there is no fundamental distinction between spectral regions, only dif- 
ferences in technique. Since hydrogen fluoride, together with other diatomic 
hydrides, has a small moment of inertia and hence a large B value, the 
Spacings between rotational energy levels become large and fall into the 
infra-red region after only a few transitions. Historically, indeed, the mo- 


ments of inertia and bond lengths of these molecules were first determined 
from spectral studies using infra-red techniques. 


2.3.5 The Spectrum of a Non-Rigid Rotator 


The Schródinger Wave equation may be set up for a non-rigid molecule, and 
the rotational energy levels are found to be: 


E n? ht 
Lr ger t Dong ГО +100) 
or 


£j = E,/he = ВЈ(Ј + 1) — DJ?(J + 1)? стт! (2.24) 
where the rotational constant, B, is as defined 


" s previously, and the centri- 
Jugal distortion constant D, is given by: A 


petrus 
Jays 0" (2) 
ie a Positive quantity. Equation (2.24) applies for a simple harmonic 
orce field only; if the force field is anharmonic, the expression becomes: 


$5 = BIG -3)-DPU «Y + Hj + рр 4 KJ*( + 1)* cm! 


where H, К, etc., are sm 
molecule. They are, ho 
spectroscopic data аге 


all constants de 
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From the defining equations of B and D it may be shown directly that 
16B°n? uc? 4B? 
Dx TMC _ 


= К та (2.27) 
where @ is the vibrational frequency of ће bond, апа k has been expressed 
according to Eq. (2.22). We shall see in Chapter 3 that vibrational fre- 
quencies are usually of the order of 10? cm~!, while B we have found to be 
of the order of 10 ém ^ !. Thus we see that D, being of the order ТОЛЛО 
is very small compared with В. For small J, therefore, the correction term 
DJ*(J + 1)? is almost negligible, while for J values of 10 or more it may 
become appreciable. 

Figure 2.9 shows, much exaggerated, the lowering of rotational levels 
when passing from the rigid to the non-rigid diatomic molecule. The spectra 
are also compared, the dashed lines connecting corresponding energy levels 
and transitions of the rigid and the non-rigid molecules. It should be noted 
that the selection rule for the latter is still AJ = +1. 

We may easily write an analytical expression for the transitions: 


£j44 — & = 9; = BE + DU + 2) — JV + 0] 
= D[U + 1 + 2 — JU + 1] 
= 2B(J + 1) — 4D(J + 1? стт! (2.28) 


where y, represents equally the upward transition from J to J + 1, or the 


downward from.J + 1 to J. Thus we see analytically, and from Fig. 2.9, that 


the spectrum of the elastic rotor is similar to that of the rigid molecule 
except that each line is displaced slightly to low frequency, the displacement 
increasing with (J + 1). 

A knowledge of D gives rise to two useful items of information. Firstly, 
it allows us to determine the J value of lines in an observed spectrum. If we 
have measured a few isolated transitions it is not always easy to determine 
from which J value they arise; however, fitting Eq. (2.28) to them— 
provided three consecutive lines have been measured—gives unique values 
for B, D, and J. The precision of such fitting is shown by Table 2.1 where 
the wavenumbers are calculated from the equation: 


By = 41-122( + 1) — 8:52 x 1073 + 1)? стт! (2.29) 


Secondly, а knowledge оѓ D enables us to determine—although rather 
inaccurately—the vibrational frequency of a diatomic molecule. From the 
above data for hydrogen fluoride and Eq. (2.27) we have: 


3 
EE a = 16:33 x 105 (ст !)? 


@ = 4050 cm ^! 
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J Rigid rotator Non-rigid rotator 
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2.4 POLYATOMIC MOLECULES 


2.4.1 Linear Molecules 


We consider first molecules such as carbon oxysulphide OCS, or chloro- 
acetylene HC=CCl, where all the atoms lie on a straight line, since this 
type gives rise to a particularly simple spectra in the microwave region. 
Since Ip = Ic; 1, = 0,as for diatomic molecules, the energy levels are given 
by a formula identical with Eq. (2.26), i.e., 


ey = BJUJ + 1) — DPJ + 1) +: em ^! (2.30) 


and the spectrum will show the same 2B separation modified by the distor- 
tion constant. In fact, the whole of the discussion on diatomic molecules 
applies equally to all linear molecules; three points, however, should be 
ynderlined: 


1. Since the moment of inertia for the end-over-end rotation of a polyato- 
mic linear molecule is considerably greater than that of a diatomic mol- 
есше, the В value will be much smaller, and the spectral lines more 
closely spaced. Thus B values for diatomic molecules are about 10 em ^ !, 
while for triatomic molecules they can be 1 ст! or less, and for larger 
molecules smaller still. 

2. The molecule must, as usual, possess a dipole moment if it is to exhibit a 
rotational spectrum. Thus OCS will be microwave active, while OCO 
(more usually written CO,) will not. In particular, it should be noted 
that isotopic substitution does not lead to a dipole moment since the 
bond lengths and atomic charges are unaltered by the substitution. Thus 
160C!50 is microwave inactive. 

3. A non-cyclic polyatomic molecule containing N atoms has altogether 
N —1 individual bond lengths to be determined. Thus in the triatomic. 
molecule OCS there is the CO distance, rco, and the CS distance, rcs. 
On the other hand, there is only one moment of inertia for the end-over- 
end rotation of OCS, and only this one value can be determined from the 
spectrum. Table 2.2 shows the data for this molecule. Over the four lines 
observed there is seen to be no appreciable centrifugal distortion, and, 
taking the value of B as 0:2027 cm ^ 1, we calculate: 


h 


2217213795108 ИИ 
в = ug = 13795 x g 


From this one observation it is plainly impossible to deduce the two 
unknowns, rco and rcs. The difficulty can be overcome, however, if we 
study a molecule with different atomic masses but the same bond 
lengths—i.e., an isotopically substituted molecule—since this will have a 
different moment of inertia. 
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Table 2.2 Microwave spectrum of carbon oxy- 


sulphide 
J—J-1 жы (ст!) Ar B (ст!) 
0—1 

2x04055 02027 
122 0-8109 

0:4054 0:2027 
223 1:2163 

0:4054 0:2027 
3-4 1:6217 

0:4054 0:2027 
435 2.0271 


Let us consider the rotation of OCS in some detail. Figure 2.10 shows 
the molecule, where ro, rc, and rs represent the distances of the atoms from 
the centre of gravity. Consideration of moments gives: 


Molo + Merc = Mgrs (2.31) 
where m; is the mass of atom i. The moment of inertia is: 
I = more + merè + тт? (2.32) 
and we have the further equations: 
То = Fco + rc Tg = les — Рс (2.33) 


where rco and ros are the bond lengths of the molecule. It is these we wish 
to determine. Substituting (2.33) in (2.31) and collecting terms: 


(mc + mo + mg)rc = ттс — morco 
or 


Мгс = ттс — morco (2.34) 


c.g. 


Figure 2.10 The molecule of ca; 


rbon oxysulphide, i i 2 
fromthe GEO OE e. ysulphide, OCS, showing the distances of each atom 
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where we write M for the total mass of the molecule. Substituting (2.33) in 
(2.32): 
I = molrco + т)? + тстё + ms(rcs — гс)? 
= Mr2 + 2rc(morco — т?с) + тото + "15 
and finally substituting for rc from Eq. (2.34): 


(тосо — Ms rcs)" (2.35) 


I = тото + тг — 
o cs M 


Considering now the isotopic molecule, !5OCS, we may write mo for 
mo throughout Eq. (2.35): 


Ü 2 
P SWR, maris оо сыс res) (2.36) 
M 

and we can now solve for rco and res, provided we have extracted a value 
for I’ from the microwave spectrum of the isotopic molecule. Note that we 
do not need to write roo, since we assume that the bond length is unaltered 
by isotopic substitution. This assumption may be checked by studying the 
molecules !5OC?^S and !*OC?^S, since we would then have four moments 
of inertia. The bond distances found are quite consistent, and hence justify 
the assumption. . 

The extension of the above discussion to molecules with more than 
three atoms is straightforward; it suffices to say here that microwave studies 
have led to very precise determinations of many bond lengths in such 
molecules. 


24.2 Symmetric Top Molecule 


Although the rotational energy levels of this type of molecule are more 
complicated than those of linear molecules, we shall see that, because of 
their symmetry, their pure rotational spectra are still relatively simple. 
Choosing methyl fluoride again as our example we remember that 


Ig = Ic * l4 I,70 


There are now two directions of rotation in which the molecule might 
absorb or emit energy—that about the main symmetry axis (the C—F bond 
in this case) and that perpendicular to this axis. 

We thus need two quantum numbers to describe the degree of rotation, 
one for I, and one for Ig or Ic. However, it turns out to be very convenient 
mathematically to have a quantum number to represent the total angular 
momentum of the molecule, which is the sum of the separate angular mo- 
menta about the two different axes. This is usually chosen to be the quan- 
tum number J. Reverting for a moment to linear molecules, remember that 
we there used J to represent the end-over-end rotation of a molecule: 


62 FUNDAMENTALS OF MOLECULAR SPECTROSCOPY 


however, this was the only sort of rotation allowed, so it is quite consistent 
to use J, in general, to represent the total angular momentum. It is then 
conventional to use K to represent the angular momentum about the top 
axis—i.e., about the C—F bond in this case. 

Let us briefly consider what values are allowed to K and J. Both must, 
by the conditions of quantum mechanics, be integral or zero. The total 
angular momentum can be as large as we like, that is, J can be 0, 1, 
2,..., оо (except, of course, for the theoretical possibility that a real molecule 
will be disrupted at very high rotational speeds). Once we have chosen J, 
however, K is rather more limited. Let us consider the case when J — 3. 
Plainly the rotational energy can be divided in several ways between 
motion about the main symmetry axis and motion perpendicular to this. If 
all the rotation is about the axis, K — 3; but note that K cannot be greater 
than J since J is the total angular momentum. Equally we could have 
K — 2, 1, or 0, in which case the motion perpendicular to the axis increases 
accordingly. Additionally, however, K can be negative—we can imagine 
positive and negative values of K to correspond with clockwise and anti- 


clockwise rotation about the symmetry axis—and so can have values — 1, 
—2,or —3. 

In general, then, for a total angular momentum J, we see that K can 
take values: 


Ded ques cag Тыш 1), ZJ (2.37) 


which is a total of 2J + 1 values alto 
ant and will recur. 


If we take first the case of a rigid symmetric top—i.e., one in which 
the bonds are Supposed not to stretch under centrifugal forces—the 


Schródinger equation may be Solved to give the a lowe: ener y levels for 


gether. This figure of 2J + 1 is import- 


5, k = Ey, x/he = BJ + 1) + (A — BK? 


eis + (2.38) 
where, as before, 
h 
= —_ h 
2 апа rae LAS 
8n7Igc 8x71 с 


Note that the energy depends on K2 


The selection rules for this molecule may be shown to be: 


AJ = +1 (as before) and AK =0 (2.39) 
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and, when these are applied to Eq. (2.38), the spectrum is given by: 
ezi, — Ek = Vy x = BU + 1 + 2) + (А — BK* 
—[BJ(J + 1) + (4 — В)К?] 
= 2B(J + 1) сп! (2.40) 


Thus the spectrum is independent of K, and hence rotational changes about 
the symmetry axis do not give rise to a rotational spectrum. The reason for 
this is quite evident—rotation about the symmetry axis does not change the 
dipole moment perpendicular to the axis (which always remains zero), and 
hence the rotation cannot interact with radiation. Equation (2.40) shows 
that the spectrum is just the same as for a linear molecule and that only one 
moment of inertia—that for end-over-end rotation—can be measured. 

Both Eqs (2.38) and (2.40) are for a rigid molecule, however, and we 
have already seen that microwave spectroscopy is well able to detect the 
departure of real molecules from this idealized state. When centrifugal 
stretching is taken into account, the energy levels become: 


&j x = BJJ + 1) + (4— B)K? — D; J*(J + 1)? 


— D JU + )K* — Dg K* cm! (2.41) 


where, in an obvious notation, Оу, Dx, and Dx are small correction terms 
for non-rigidity. The selection rules are unchanged (Eq. (2.39)), and so the 
spectrum is: 


Vy, x = ёу+і,к — 85K 
= 2B(J + 1) - AD, + 1? — 2Djx(J + 1)K? cem ! (2.42) 


We see that the spectrum will be basically that of a linear molecule 
(including centrifugal stretching) with an additional term depending on K i 

It is easy to see why this spectrum now depends on the axial rotation 
(ie. depends on К), although such rotation produces no dipole change. 
Figure 2.11 illustrates methyl fluoride for (a) K — 0, no axial rotation, and 
(b) K > 0, the molecule rotating about the symmetry axis. We see, from the 
much exaggerated diagram, that axial rotation widens the HCH angles and 
stretches the C—H bonds. The distorted molecule (b) has a different 
moment of inertia for end-over-end rotation from (a). If we write Eq. (2.42) 
as: 

yc AT + DEB — 2Dj(J + 1)? — Dg Ka] emos 

we can see more clearly that the centrifugal distortion constants D, and рук 
can be considered as correction terms to the rotational constant B, and 
hence as perturbing the moment of inertia Jg. ` 


Since each value of J is associated with 2J + 1 values of К, we see that 
each line characterized by a certain J value must have 2J 4- 1 components. 


(a) K =0 


b) K >0 


S 


Figure 2.11 The influence of axial rotation on the moment of inertia of a symmetric top 


molecule, e.g, methyl fluoride, CH;F. In (a) there is no axial rotation (К = 0), and in (b) 
K>0. 


5108 -` 6:808 6:809 6:810 
ст”! 


Figure 2.12 А diagrammatic Tepresentation of the rotational spectrum of the symmetric top 
molecule methyl fluoride, CH 3F. 
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However, since K only appears as К? in Eq. (2.42), there will be only J + 1 
different frequencies, all those with K > 0 being doubly degenerate. We may 
tabulate a few lines as follows: 


J=0,K=0 9, =2B—4D, ст! 

J=1,K=0 ўук = 4B — 32D, 

K=+1. ¥,,=4B—32D, AD (2.43) 
K=0 ўук = 6B — 108D; 

K=+1  $,-6B—108D,—6Dj;, 

К= +2 қ =6В – 1080, – 24р, etc. 


Let us now compare these with the observed spectrum of methyl fluo- 
ride, This is shown as a line diagram in Fig. 2.12, and the frequencies are 
tabulated in Table 2.3. Fitting these data to equations such as (2.43) leads 
directly to: 


В = 0:851 204 cm ^! 
D; = 2:00 x10 5cm^! 
Рук = 1-47 x 1075 стт! 


The calculated frequencies of Table 2.3 show how precisely such measure- 
ments may now be made. 

Once again each spectrum examined yields only one value of B, but the 
spectra of isotopic molecules can, in principle, give sufficient information for 
the calculation of all the bond lengths and angles of symmetric top mol- 
ecules, together with estimates of the force constant of each bond. 


Table 2.3 Microwave spectrum of 
methyl fluoride 


J K Vos, T(cm 7!) Vois, (cm 7!) 
Lil oomen e era 
1 0 3:404 75 3:404 752 
1 3:404 70 3-404 693 
2 0 5:10701 5:107 008 
1 5-106 92 5-106 920 
2 5:106 65 5:106 655 
3 0 6:809 12 6:809 120 
1 6-809 00 6:809 002 
2 6:808 65 6:808 649 
3 6:808 06 6-808 062 


t Taken -from W. Gordy, Physical 
Review, 93, 406 ( 1954), by kind permission 
of the author. 
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Table 2.4 Some molecular data determined by microwave spectroscopy 


Bond length Bond angle Dipole momentt 
Molecule Туре (nm) (deg.) (debyes) 
NaCl Diatomic 0-236 06 + 0-00001 —- 8:5 + 0:2 
0-1164 + 0:000 1 (CO) ў 
cos Linear 0:1559 + 0-000 1 (CS) — 0:712 + 0-004 
Е 0-106317 + 0-000005 (CH) | 
HCN Buea 0-115535 + 0-000006 (CN) — 2:986 + 0004 
NH, Sym. Top 0:1008 + 0-0004 107-3 + 0:2 1-47 + 0-01 
0:109 59 + 0:00005 (CH) 108-0 + 0:2 EOM ei: 
o mM ш дор Is 12 + 000005 (ССІ) (HCH) Due 
H,O Asym.Top _ 0-09584+0-00005 1045+03 1-846 + 0-005 
0, Asym.Top 0:1278 + 0:0002 116:8 +05 0:53 + 0:02 


+ Measured from the Stark effect, cf. Sec. 2.5.2. 


2.4.3 Asymmetric Top Molecules 


Since spherical tops show no microwave spectrum (cf. Sec. 2.1(3)) the only 
other class of molecule of interest here is the asymmetric top which has 
(Sec. 2.1(4)) all three moments of inertia different. These molecules will not 
detain us long since their rotational energy levels and spectra are very 
complex—in fact, no analytical expressions can be written for them corre- 
sponding to Eqs (2.24) and (2.28) for linear or Eqs (2.41) and (2.42) for 
symmetric top molecules. Each molecule and spectrum must, therefore, be 
treated as a separate case, and much tedious computation is necessary 
before structural parameters can be determined. The best method of attack 
so- far has been to consider the asymmetric top as. falling somewhere 
between the oblate and prolate symmetric top; interpolation between the 
two sets of energy levels of the latter leads to a first approximation of the 
energy levels—and hence spectrum—of the asymmetric molecule. It suffices 
to say that arbitrary methods such as this have been quite successful, and 
much very precise structural data have been published. 

In order to give an idea of the precision of such measurements, we 
collect in Table 24 some molecular data determined by microwave 


methods, including examples from diatomic and linear molecules, sym- 
metric tops, and asymmetric tops. 


25 TECHNIQUES AND INSTRUMENTATION 


2.5.1 Outline 


It is not proposed here to 
microwave spectrosco 


give more than a brief outline of the techniques of 
books listed in the b 


Dy since detailed accounts are available in some of the 
ibliography. Microwave Spectroscopy, of course, fol- 
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lows the usual pattern: source, monochromator, beam direction, sample, 
and detector. We shall discuss each in turn. 


1. The source and monochromator. The usual source in this region is the 
klystron valve which, since it emits radiation of only a very narrow 
frequency range, is called ‘monochromatic’ and acts as its own mono- 
chromator. The actual emission frequency is variable electronically and 
hence a spectrum may be scanned over a limited range of frequencies 
using a single klystron. 

One slight disadvantage of this source is that the total energy radi- 
ated is very small—of the order of milliwatts only. However, since all this 
is Concentrated into a narrow frequency band a sharply tuned detector 
can be sufficiently activated to produce a strong signal. 

. Beam direction, This is achieved by the use of *waveguides—hollow 
tubes of copper or silver, usually of rectangular cross-section—inside 
which the radiation is confined. The waveguides may be gently tapered 
or bent to allow focusing and directing of the radiation. Atmospheric 
absorption of the beam is considerable, so the system must be efficiently 
evacuated. А 

3. Sample and sample space. In almost all microwave studies so far the 
sample has been gaseous. However, pressures of 0-01 mmHg are suffi- 
cient to give a reasonable absorption spectrum, so many substances 
which are usually thought of as solid or liquid may be examined provid- 
ed their vapour pressures are above this value. The sample is retained by 
very thin mica windows in a piece of evacuated waveguide. 

4. Detector. It is possible to use an ordinary superheterodyne radio receiver 
as detector, provided this may be tuned to the appropriate high fre- 
quency; however, à simple crystal detector is found to be more sensitive 
and easier to use. This detects the radiation focused upon it by the 
waveguide, and the signal it gives is amplified electronically for display 
on an oscilloscope, or for permanent record on paper. 


N 


2.5.2 The Stark Effect 


We cannot leave the subject of microwave spectroscopy without a brief 
description of the Stark effect and its applications. A more detailed dis- 
cussion is to be found in the books by Kroto and by Townes and Schawlow 
mentioned in the bibliography. 

Experimentally the Stark effect requires the placing of an electric field, 
either perpendicular or parallel to the direction of the radiation beam, 
across the sample. Practically it is simpler to have a perpendicular field. We 
shall consider three advantages of this field. 


1. A molecule exhibiting a rotational spectrum must have an electric dipole 
moment, and so its rotational energy levels will be perturbed by the 
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application of an exterior field since interaction will occur. Put simply, 
the absorption lines of the spectrum will be shifted by an amount 
depending on the extent of the interaction, and thus depending on both 
E, the applied field, and и, the dipole moment. For a linear molecule the 
shift is found to be: 


Av œ (uE) (linear molecule) 


while for a symmetric top: 
Av oc pE (symmetric top) 


Thus we have immediately a very accurate method of determining dipole 
moments, simply by observation of the Stark shift. More important, the 
measurement is made on very dilute gas samples, so the dipole moment 
observed may be taken to be that of the actual molecule, uncomplicated 
by molecular interactions, solvent effects, etc. Some values determined in 
‘this way are included in Table 2.4. 

2. The second valuable application of the Stark effect is in the assignment 
of observed: spectral lines to particular J values. We have seen that, in 
the absence of marked departure from rigidity and good resolving power, 
the assignment of J values is not always obvious. The line of lowest 
frequency which we observe may happen to correspond with J = 0, or it 
may be that it is the first observable line of a series, either because earlier 
lines are intrinsically very weak or because of limitations in the appar- 
atus used. However, we have seen that each line is 2J + 1 degenerate 
because rotations can occur in 27 +1 orientations in space without 
violating quantum laws. In the absence of any orienting effect these 
transitions have precisely the same frequency, but a Stark field consti- 
tutes an orienting effect, and splits the degeneracy; thus multiplet struc- 
ture is observed for all lines with J > 0. The number of components 
depends on J, and hence unambiguous assignments can be made. 

3. The final application is purely an instrumental one, 
interesting in that it has its counterpart in other s 
have already referred to the concept of signal-to- 
1; that part of the noise which arises from rand. 
background radiation may be removed by m 
means of the Stark dffect as explained below. 


but is especially 
pectral regions. We 
noise ratio in Chapter 
om fluctuations in the 
odulating the beam by 


Imagine the application of a Stark field i iodi 

1 applicat ; n а periodic manner such as 
the Square-wave variation of Fig. 2.13; while the field is switched on the 
signal is modified in the way described in 1 and 
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Figure 2.13 A ‘square wave’ potential as used for Stark modulation. 


A further refinement is to arrange for both the modulated and unmodu- 
lated parts to be amplified separately and displayed on the same 
oscilloscope—the modulated part on the upper half, say, and the unmodu- 
lated on the lower. This much facilitates the measurement of the Stark 
splittings discussed in 1 and 2 above. 


2.6 CHEMICAL ANALYSIS BY MICROWAVE 
SPECTROSCOPY 


Improvements and simplifications in the techniques of microwave spectros- 
copy are now allowing it to move away from being purely a specialist 
research instrument towards becoming a technique for routine analysis. 
Even though effectively limited to gaseous samples, it has much to offer in 
this respect, since it is a highly sensitive (0:01 mmHg pressure is adequate) 
and specific analytical tool. 

The microwave spectrum of a substance is very rich in lines since many 
rotational levels are populated at room temperatures, but since the lines are 
very sharp and their positions can be measured with great accuracy, obser- 
vation of just a few of them is sufficient, after comparison with tabulated 
data, to establish the presence of a previously examined substance in a 
sample. And the technique is quantitative, since the intensity of a spectrum 
observed under given conditions is directly dependent on the amount of 
substance present. Thus mixtures can be readily analysed. 

It is the whole molecule, by virtue of its moment(s) of inertia, which is 
examined by microwave spectroscopy. This means that the technique 
cannot detect the presence of particular molecular groupings іп a sample, 
like —OH or —CH, (cf. the chapters on infra-red, raman, and magnetic 
resonance spectroscopy later), but it can readily distinguish the presence of 
isotopes in a sample, and it can even detect different conformational iso- 
mers, provided they have different moments of inertia. 
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One fascinating area where microwave analysis is being used is in the 
chemical examination of interstellar space. Electronic spectroscopy has long 
been able to. detect the presence of various atoms, ions, and a few radicals 
(e.g, —OH) in the light of stars, but recently, use of microwaves has ex- 
tended the analysis to the detection of simple stable molecules in space. 
Some 30 or so molecules have already been characterized in this way, the 
earliest among them (water, ammonia, and formaldehyde) giving new im- 
petus to speculations regarding the origins of biological molecules and of 
life itself. Such observations concern the emission of microwaves by these 
molecules and, by comparing the relative intensities of various rotational 
transitions, particularly in the spectrum of ammonia, accurate estimates can 
be made of the temperature of interstellar material. 
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PROBLEMS 


(Useful constants: h = 6:626 x 10-34 


ваа = 78-956; atomic masses: іН = 1-673 x 10-27 
F = 31:55 x 10727 kg; СІ = 58-06 x 10-27 
79; 2 
Вг = 131:03 х 10-27 kg.) 


J s; К = 1:381 x 1072 J K-!: с = 2:998 x 10° m s^; 
kg; 2р = 3:344 х 10-77 kg; 
kg; °7Cl=61:38 x 10-27 kg; 


24 i 
pA occus of "PBr*F shows a series of equidistant lines spaced 0.71433 
ооой ie UNS US d rotational constant B, and hence the moment of inertia and bond 
which transition gi Sce eH wavenumber of the J = 9— J = 10 transition, and find 
$3 Du gives rise to the most intense spectral line at room temperature (say 300 K) 
si 3 : 
WE haea e очы Эй ы the number of revolutions per second which the 
state. the J = 0 state, (Б) the J = 1 state, and (c) the J = 10 
Hint: Use Е = Mo? in conjunction w; 
РЕТ jun 
is in radians per second, Junction with Eqs (2.10) and (2.13), but remember that here w 
2.3 The rotational constant fi РРР 
В for H?'CI and for DC) H'*Cl is observed to be 10-5909 cm^!, What are the values of 
2.4 Three consecutive lin 


Eom : 
101355 and 118.112 cmet, men ational Spectrum of Н??Вг are observed at 84-544, 


- Assi: i i i 
ign the lines to their appropriate J"— J' transitions, then 
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deduce values for B and D, and hence evaluate the bond length and approximate vibrational 
frequency of the molecule. 
2.5 Sketch a diagram similar to that of Fig. 2.7, using B=5 стг! and a temperature of 
1600 K. 

Note: Find the maximum and calculate only two or three points on either side—don't 
attempt to carry out the calculation for every value of J. 
2.6 The bond lengths of the linear molecule H—C=N are given in Table 2.4. Calculate J and 
B for HCN and for DCN, using relative atomic masses of H — 1, D =2,C = 12and N = 14. 
2.7 The diatomic molecule НСІ has a B value of 10-593 cm^! and a centrifugal distortion 
constant D of 5-3 x 1074 cm '. Estimate the vibrational frequency and force constant of the 
molecule. The observed vibrational frequency is 2991 cm ^ 1. explain the discrepancy. 


CHAPTER 


THREE 
E . jj 


INFRA-RED SPECTROSCOPY 


We saw in the previous cha; 
anomalous results in the ro 
the bonds stretched under 
another consequence of this 


pter how the elasticity of chemical bonds led to 
tational spectra of rapidly rotating molecules— 
centrifugal forces. In this chapter we consider 
elasticity—the fact that atoms in a molecule do 


3.1 THE VIBRATING DIATOMIC MOLECULE 


3.1.1 The Energy of a Diatomic Molecule 


When two atoms combine to form a stable covalent molecule (e.g., НСІ gas) 
they may be said 
ment. This is not the 
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| 


Energy 


0 | internuclear distance—*- 
Teq. 


Figure 3.1 Parabolic curve of energy plotted against the extension or compression of a spring 
obeying Hooke's law. 


internuclear distance such that these forces are just balanced and the energy 
of the whole system is at a minimum. Attempt to squeeze the atoms more 
closely together and the repulsive force rises rapidly; attempt to pull them 
further apart and we are resisted by the attractive force. In either case an 
attempt to distort the bond requires an input of energy and so we may plot 
energy against internuclear distance as in Fig. 3.1. At the minimum the 
internuclear distance is referred to as the equilbrium distance Teq. ; or more 
simply, as.the bond length. 

The compression and extension of a bond may be likened to the behav- 
iour of a spring and we may extend the analogy by assuming that the bond, 
like a spring, obeys Hooke's law. We may then write 


f-2-Mkr-— Teg) 
k the force constant, and r the internuclear 
e is parabolic and has the form 


(3.1) 


where f is the restoring force, 
distance. In this case the energy сигу 


B= Mr — req)? 32) 


This model of a vibrating diatomic molecule—the so-called simple har- 
monic oscillator model—while only an approximation, forms an excellent 
starting point for the discussion of vibrational spectra. 
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3.1.2 The Simple Harmonic Oscillator 


In Fig. 3.1 we have plotted the energy according to Eq. (3.2). The c" 
curve and equation is found at r — feq.» and any energy in excess of this, a 
example, £}, arises because of extension or compression of the bond. E. 
figure shows that if one atom (A) is considered to be stationary on the r= 

axis, the other will oscillate between B’ and B". If the energy is increased to 
€, the oscillation will become more vigorous—that is to say, the deet of 
compression or extension will be greater—but the vibrational frequency wi 

not change. An elastic bond, like a spring, has a certain vibration frequency 
dependent upon the mass of the system and the force constant, but indepen- 


dent of the amount of distortion. Classically it is easy to show that the 
oscillation frequency is: 


eee HZ (3) 


2n Nu 
where и is the reduced mass of the system (cf. Eq. (2.9)). To convert this 
frequency to wavenumbers, the unit most usually employed in vibrational 


1 =J 
spectroscopy, we must divide by the velocity of light, c, expressed in cm s 
(cf. Sec. 1.1), obtaining: 


E ALE T, (3.4) 
osc. T 2лс m em 
Vibrational energies, like all oth 
and the allowed vibrational ener: 
calculated from the Schródinger e 
lator these turn out to be: 


er molecular energies, are quantized, 
gies for any particular system may be 
quation. For the simple harmonic oscil- 


E, = (фо + ш, joules ^ (v—01,2,..) (3.5) 
where v is called the vibrational 


quantum number. Converting to the spectro- 
scopic units, cm !, we have: 


Wed to a simple harmonic vibrator. Some of these 
are shown іп Fig, 3.2. 


In particular we sho 


uld notice that the lowest vibrational energy, ob- 
tained by putting v = 


Oin Eq. (3.5) or (3.6), is 
Eo = tho... joules Losse. in Hz] 
or . 
20 = jo... ст! 
The implication is that t 
can never have zero vibr. 


(Ж їп ст^1] (3.7) 
he diatomic molecule 


(and, indeed, any molecule) 
ational energy; the ato: 


ms can never be completely 
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Figure 3.2 The allowed vibrational energy levels and transitions between them for a diatomic 
molecule undergoing simple harmonic motion. 


at rest relative to each other. The quantity 319,5. joules or $®шс. сш is 
known as the zero-point energy; it depends only on the classical vibration 
frequency and hence (Eq. (3.3) or (3.4)) on the strength of the chemical bond 
and the atomic masses. 

The prediction of zero-point energy is the basic difference between the 
wave mechanical and classical approaches to molecular vibrations. Clas- 
sical mechanics could find no objection to а molecule possessing no vibra- 
tional energy but wave mechanics insists that it must always vibrate to 
some extent; the latter conclusion has been amply borne out by experiment. 


Further use of the Schrédinger equation leads to the simple selection 
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rule for the harmonic oscillator undergoing vibrational changes: 
АБЕ (3.8) 


To this we must, of course, add the condition that vibrational energy 
changes will only give rise to an observable spectrum if the vibration can 
interact with radiation, i.e. (cf. Chapter 1), if the vibration involves a change 
in the dipole moment of the molecule. Thus vibrational spectra will be 
observable only in heteronuclear diatomic molecules since homonuclear 
molecules have no dipole moment. 


Applying the selection rule we have immediately: 


£15» = (0 + 1 + à, — (v + a, 


osc. 


= Boe, cm^! (3.9a) 
for emission and 


Sov X Du cm” : (3.96) 

for absorption, whatever the initial value of v. j 
Such a simple result is also obvious from Fig. 3.2—since the vibrational 
levels are equally spaced, transitions between any two neighbouring states 


will give rise to the same energy change. Further, since the difference 


between energy levels expressed in cm ^! gives directly the wavenumber of 
the spectral line absorbed or emitted 


Uspectroscopic = & = Ore) om: (3.10) 


This, again, is obvious if one c 
emission in classical terms. In a 


interact (cf. Fig. 
frequency. 


3.1.3 The Anharmonic Oscillator 


y exactly the laws of simple harmonic motion; 
С, аге not so homogeneous as to obey Hooke's 
law. If the bond between atoms is Stretched, for instance, there comes a 
point at which it will bre 


ak—the molecule dissociates into atoms. Thus 
although for small compressi i 


typical diatomic molecule, to i i 
Biens „ together with (dashed) the ideal 
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Energy \ 


0:5 D, 


eq. |- 


0:5 10 15) 20 25 A 


(re) Internuclear distance 


Figure 33 The Morse curve: the energy of a diatomic molecule undergoing anharmonic 
extensions and compressions. 


: A purely empirical expression which fits this curve to à good approx- 
imation was derived by P. M. Morse, and is called the Morse function: 


E = DAI — exp (еа. 1° (3.11) 


where a is a constant for a particular molecule and Б, is the dissociation 


energy. 
When Eq. (3.11) is used instead of Eq. (3.2) in the Schrodinger equation, 
the pattern of the allowed vibrational energy levels is found to be: 


by = (v + 00, — (v + exe em! v= 0,1,2,--) (3.12) 


where @, is an oscillation frequency (expressed in wavenumbers) Which we 


shall define more closely below, and x, is the corresponding anharmonicity 


constant which, for bond stretching vibrations, is always small and positive 
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15р 


Internuclear distance —» 


ет! — 4. 
Figure 3.4 The allowed vibrational energy levels and some 
diatomic molecule 


transitions between them for 4 
undergoing anharmonic oscillations, 


(~ + 0-01), so that the y 


increasing v. Some of the 
It should be 


ibrational leve 


ls crowd more closely together with 
se levels are sketched in Fig. 3.4. : 
mentioned that Eq. (3.12), like (3.11), is an approximation 

se expressions fo БУ levels require cubic, quartic, 
i constants y,, 7 | etc. rapidly 
gnitude, These i 


mportant only at large values of 
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If we rewrite Eq. (3.12), for the anharmonic oscillator, as: 
e, = © {1 —x(v+ 3) (v + 3) (3.13) 


and compare with the energy levels of the harmonic oscillator (Eq. (3.6)), we 
see that we can write: 


Dose. тр @, {1 к xA F 3j (3.14) 


Thus the anharmonic oscillator behaves like the harmonic oscillator but 
with an oscillation frequency which decreases steadily with increasing v. If 
we now consider the hypothetical energy state obtained by putting v — —4 
(at which, according to Eq. (3.13), в = 0) the molecule would be at the 
equilibrium point with zero vibrational energy. Its oscillation frequency (in 


ст!) would be: 
Dose. EB Õe 


Thus we see that @, may be defined as the (hypothetical) equilibrium oscil- 
lation frequency of the anharmonic system—the frequency for infinitely 
small vibrations about the equilibrium point. For any real state specified by 
a positive integral v the oscillation frequency will be given by Eq. (3.14). 
Thus in the ground state (v = 0) we would have: 


By = 941—4) cm" 


and 
eo 3o (1 — 4x) cm ^! 
and we see that the zero point energy differs slightly from that for the 
harmonic oscillator (Eq. (3.7)). 
The selection rules for the anharmonic oscillator are found to be: 


Av= +1, £2, +3,... 


Thus they are the same as for the harmonic oscillator, with the additional 
possibility of larger jumps. These, however, are predicted by theory and 
observed in practice to be of rapidly diminishing probability and normally 
only the lines of Av = +1, +2, and + 3, at the most, have observable 
intensity. Further, the spacing between the vibrational levels is, as we shall 
shortly see, of order 10? ст! and, at room temperature, we may use the 
Boltzmann distribution (Eq. (1.12)) to show 


en 6:63 х 10-34 x 3 x 10:0 x =} 
ie a ala 138 x 10-2? x 300 | 


& exp (=4:8) = 0:008. 


In other words, the population of the v = 1 state is nearly 0-01 or some one 
per cent of the ground state population. Thus, to a very good approx- 
imation, we may ignore all transitions originating at v — 1 or more and 
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restrict ourselves to the three transitions: 


l. v=0—>v = 1, Av = +1, with considerable intensity. 
Ap 20215-68020 
=(1 + 3o, — x (1 + 3*0, — (35, — ()?x,0,} 
—-óÓ(1—2x) cm”! (3.15a) 
4. v=0—>v=2, Av = +2, with small intensity. 
Ав = (2 + 3o, — x2 + 470, — (4o, — (4)?x.0,} 
= 26(1 — 3x.) стг! (3.15) 
3. 0= 0-0 = 3, Av = +3, with normally negligible intensity. 
Ac = (3 + 90, — (39, — dx, o.) 
= 30(1 — 4x.) cm^! (3.150) 


These three transitions are shown in Fig. 3.4. To a good approximation, 
since x, © 0-01, the three spectral lings lie very close to Õe, 20,, and 39. 
The line near @, is called the fundamental absorption, while those near 20, 
and Зд), are called the first and second overtones, respectively. The spectrum 
of HCl, for instance, shows a very intense absorption at 2886 cm ^ !, a 
weaker one at 5668 cm~!, and a very weak one at 8347 cm~'. If we wish to 
find the equilibrium frequency of the molecule from these data, we must 
solve any two of the three equations (cf. Eqs. (3.15)): 


G(1— 2x.) = 2886 
2941 — 3x,) = 5668 


30,01 — 4х,) = 8347 cm! 
and we find à, = 2990 ст! 
the ideal harmonic oscillator t 
classical vibration frequency, 
fundamental absorption frequ 
fer Considerably. 

The force constant of the bond in НСІ ma 
Eq. (2.22) by inserting the value of @,: 


» Xe = 0:0174. Thus we see that, whereas for 
he spectral absorption occurred exactly at the 
for real, anharmonic molecules the observed 
ency and the equilibrium frequency may dif- 


y be calculated directly from 


k= 420202. М mi 
=516N m^! 


1 constants and the reduced mass are inserted. These 


ra few of the very many other diatomic mol- 
techniques, are collected in Table 3.1. 


when the fundamenta 
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Table 3.1 Some molecular data for diatomic molecules determined by 
infra-red spectroscopy 


Vibration Anharmonicity Force constant Internuclear 


Molecule (стт!) constant, x, (N m^!) distance г (nm) 
HF 4138-5 0-0218 966 0-0927 
HCIt 2990-6 0-0174 516 0-1274 
HBr 2649-7 0-0171 412 . 01414 
HI 2309-5 0-0172 314 0:1609 
co 2169-7 0-0061 1902 0:1131 
NO 1904-0 0:0073 1595 0-1151 
ICIT 384-2 0:0038 238 0:2321 


f Data refers to the *5Cl isotope. 


Although we have ignored transitions from v — 1 to higher states, we- 
should note that, if the temperature is raised or if the vibration has a 
particularly low frequency, the population of the v — 1 state may become 
appreciable. Thus at, say, 600 К (i.e, about 300°C) N,.,/N,-o becomes 
exp (— 2:4) or about 0:09, and transitions from v = 1 to v = 2 will be somé 
10 per cent the intensity of those from v — 0 to v — 1. A similar increase in 
the excited state population would arise if the vibrational frequency were 
500 cm ^! instead of 1000 cm^ !. We may calculate the wavenumber of this 
transition as: 


4. v — 1— v = 2, Av = +1, normally very weak, 
Ac = 236, Y 64x, Ф, =: (130, Wi 24x, Õe} 
= @(1 — 4х) стг! (3.154) 


Thus, should this weak absorption arise, it will be found close to апа at 
slightly lower wavenumber than the fundamental (since x, is small and 
positive). Such weak absorptions are usually called hot bands since a high 
temperature is one condition for their occurrence. Their nature may be 
confirmed by raising the temperature of the sample when a true hot band 
will increase in intensity. 

We turn now to consider a diatomic molecule undergoing simultaneous 
vibration and rotation. 


3.2 THE DIATOMIC VIBRATING-ROTATOR 


We saw in Chapter 2 that a typical diatomic molecule has rotational energy 
Separations of 1-10 cm~!, while in the preceding section we вас that the 
vibrational energy separations of НСІ were nearly 3000 cm ^. Since the 
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energies of the two motions are so different we may, as a first approx- 
imation, consider that a diatomic molecule can execute rotations and vibra- 
tions quite independently. This, which we shall call the Born-Oppenheimer 
approximation (although, cf. Eq. (6-1), this strictly includes electronic 
energies), is tantamount to assuming that the combined rotational- 
vibrational energy is simply the sum of the separate energies: 


Кош = Ero. + Evin, (joules) 
total = Erot. + Evin, (cm~ !) (3.16) 


We shall see later in what circumstances this approximation does not apply. 
Taking the separate expressions for c, and ғ, from Eqs (2.26) and 
(3.12) respectively, we have: 


£j o = ёу t & 
= BJU 1) = DU +1} + HI 4-0? +... 
+ (0 + 2)0, — xv + io, cm^! GI 


Initially, we shall ignore the small centrifugal distortion constants D, H, etc., 
and hence write 


беш = Ey, , = BI + 1) + (o + 3), — x (v + 3o, (3.18) 


Note, however, that it is not logical to ignore D since this implies that we 


are treating the molecule as rigid, yet vibrating! The retention of D would 
have only a very minor effect on the spectrum. 
The rotational levels are sketched in Fig. 3.5 for the two lowest vibra- 


tional levels, v = 0 and v = 1. There is, however, no attempt at scale in this 
diagram since the separation between nei 


quence of the Born-Oppenheimer as 
levels of given J is the same in the v = 
It may be shown that the selectio 


n rules for the combi ions are 
the same as those for each Separately; BE 


therefore we have: 

Av = +1, +2, etc. AJ=+1 (3.19) 
Strictly speaking we may also have Av = 
purely rotational transitions already dealt with in Chapter 2. Note carefully, 


however, that a diatomic 
molecule, except under у i i 
er - 
cumstances, may not have AJ = 0 i A E келес 


0, but this corresponds to the 


ae É ome of the relevant e d 
transitio i В mergy levels an 
nsitions, designating rotational quantum numbers in the v = 0 state as J” 


use of a single prime for the upper state 
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Internuclear distance — —»— 


Figure 3.5 The rotational energy levels for two different vibrational states of a diatomic 
molecule. 


and a double for the lower state is conventional in all branches of spectros- 
copy. 

Remember (and cf. Eq. (2.20)) that the rotational levels J" are filled to. 
varying degrees in any molecular population, so the transitions shown will 
occur with varying intensities. This is indicated schematically in the spec- 


trum at the foot of Fig. 3.6. 
An analytical expression for the spectrum may be obtained by applying 


the selection rules (Eq. (3.19)) to the energy levels (Eq. (3.18)). Considering 
only the v = 0— v = 1 transition we have in general: 
Деј „= ёр „= — Ej v=0 
= ВЈ(Ј + 1) + Hà, — 21x, à, — {BJ"(J" + 1) +40, — 1x,9,] 
= à, + BU’ — "Л + J" +1) ст”! 
where, for brevity, we write à, for @,(1 — 2x,). 
We should note that taking B to be identical in the upper and lower 
Vibrational states is a direct consequence of the Born-Oppenheimer 
approximation—rotation is unaffected by vibrational changes. 
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AJ — —1 AJ = +1 


[— w 


ty =0 


Figure 3.6 Some transitions betwee 
molecule together with the spectrum 


n the rotational-vibrational е 
arising from them. 


nergy levels of a diatomic 


Now we can have: 
АЈ bae, Jos ng or J' — J" = 41: hence 
Ae, = Ф, + 2B(J" + 1)cm^! 


А J”=0,1,2,... (3202) 
2. AJ = —1ie, у" 


=J' +lory и =a and 


Агу у= @, — 2BU' + 1) cm™! Jen ba (3.20b) 
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These two expressions may conveniently be combined into: 
Аву „= Vepect, = 0, + 2Bm сп! m= + 1, +2)... (3200) 


where m, replacing J” +1 in Eq. (3.20а) and J’ +1 in Eq. (3.20b) has 
positive values for AJ = +1 and is negative if AJ = +1. Note particularly 
that m cannot be zero since this would imply values of J' or J” to be —1. 
The frequency @, is usually called the band origin or band centre. 

Equation (3.20c) then, represents the combined. vibration-rotation 
spectrum. Evidently it will consist of equally spaced lines (spacing — 2B) on 
each side of the band origin @,, but, since m + 0, the line at ©, itself will not 
appear. Lines to the low-frequency side of ©, , corresponding to negative m 
(that is, AJ — —1) are referred to as the P branch, while those to the 
high-frequency side (m positive, AJ = +1) are called the R branch. This 
apparently arbitrary notation may become clearer if we state here that later, 
in other contexts, we shall be concerned with AJ values of 0 and + 2, in 
addition to + 1 considered here; the labelling of line series is then quite 
consistent : 


Lines arising from AJ= —2 —1 0 41 +2 
called: O P О R $ branch 


The P and R notation, with the lower J (J^) value as a suffix, is illustrated 
on the diagrammatic spectrum of F. ig. 3.6. This is the conventional notation 
for such spectra. 

It is readily shown that the inclusion of the centrifugal distortion con- 
stant D leads to the following expression for the spectrum: 


Ae = бш, = 3,4 2Вт —4Dm? cm! (m= +1, £2, £ 3,..) 
(3.21) 


But we have seen in Chapter 2 that B is some 10 ст! or less, while D is 
only some 0-01 per cent of B. Since a good infra-red spectrometer has a 
resolving power of about 0:5 ст! it is obvious that D is negligible to a 
very high degree of accuracy. 

The anharmonicity factor, on the other hand, is not negligible. It affects 
not only the position of the band origin (since ©, = @,(1 — 2х,)), but, by - 
extending the selection rules to include Av = + 2, + 3, etc., also allows the 
appearance of overtone bands having identical rotational structure. This is 
illustrated in Е ig. 3.7(a), where the fundamental absorption and first over- 
tone of carbon monoxide are shown. From the band centres we can calcu- 
late, as shown in Sec. 1.3, the equilibrium frequency ©, and the 
anharmonicity constant ae 
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2000 2500 3000 3500 4000 ст”! 


Figure 3.7(a) The fundamental absorption (centred at about 2143 cm ^ +) and the first overtone 
` (centred at about 4260 cm!) of carbon monoxide. The fine structure of the P branch in the 
fundamental is partially resolved. (Gas pressure 650 mmHg in a 10 cm cell.) 


3.3 THE VIBRATION-ROTATION SPECTRUM OF 
CARBON MONOXIDE 


In Fig. 3.7(b) we show the fundamental vibration-rotation band of carbon 
monoxide under high resolution, with some lines in the P and R branches 
numbered according to their J" values. Table 3.2 gives the observed wave- 
numbers of the first five lines in each branch. We shall discuss shortly the 
slight decrease in separation between the rotational lines as the wavenum- 
ber increases; this decrease is apparent from the table and from a close 
inspection of the ‘wings’ of the spectrum. 

From the table we see that the band centre is at about 2143 cm ^ ! while 
the average line separation near the centre is 3-83 cm" !. This immediately 
gives: 

2B = 3-83ст^! В = 1:915 стт! 


Table 3.2 Part of the infra-red spectrum of carbon monoxide 


Line y Separation Av Line y Separation Аў 
PO 2139-43 Ro, 2147-08 
3-88 3-78 
Be 2135-55 Ry) 2150-86 
3-92 33 
BR 2131-63 Ra, 2154-59 
3:95 3-72 
P 2127-68 Ra, 2158-31 
3:98 3:66 
p 2123-70 Ra, 2161-97 


L8 


Ros 


a) 


2020 2040 2060 2080 2100 2120 2140 . 2160 2180 2200 2220 2240 
ст! 


Figure 3.7(b) The centre of the fundamental band of carbon monoxide under higher resolution than in (a). (Gas pressure 100 
mmHg in a 10 cm cell.) The lines are labelled according to their J” values. The P branch is complicated by the presence of a 
band centred at about 2100 cm™' due to the one per cent of СО in the sample; some of the roiational lines from this band 


appear between P branch lines, others are overlapped by a P branch line and give it an enhanced intensity (e.g., lines Pay 
Posy Pasy and Pu). 
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РСА 


; ы , rs Figure 3.8 The fundamental band -of Fig. 3.7(b) under 
2050 2100 2150 2200 2250 very low resolution. All rotational fine structure has 
стг! been lost and a typical PR contour is seen. 


This is in satisfactory agreement with the value B = 1921 18 cm ^! derived 
by microwave studies (cf. Sec. 2.3.1) and we could, therefore, have obtained 
quite good values for the rotational' constant and hence the moment of 
inertia and bond length from infra-red data 


the infra-red values came first, the more 
much later. 


alone. Historically, of course, 
precise microwave values following 


It is worth noting at this point that approximate rotational data is 
obtainable from spectra even if the Separate rotational lines are not re- 
solved. Thus Fig. 3.8 shows the spectrum of carbon monoxide under 


much poorer resolution, when the rotational fine structure is blurred out 


to an envelope. Now we saw in Eq. (2.21) that the maximum population of 
levels, and hence maximum inte 


nsity of transition, occurs at a J value of 
kT/2Bhc — 1. Remembering t 


hat m = J + 1 we substitute in Eq. (3.20c) 
m= + 4/ kT/2Bhc + 4 and obtain: 


Vas: intensity = Og + 2B(./ kT/2Bhe + 4) 


where the + and — signs refer to th 


€ R and P branches, respectively. The 
separation between the two maxima, 


AY, is then: 
Ay = 4B(./kT/2Bhe + d=, / SkT B/hc + 2B 


or, since B is small compared with Ay, we can write 


Ay ж \/8kT B/hc, B x he(Av?/8kT стт! 
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where c is expressed in cm s^ '. In the case of carbon monoxide the separa- 
tion is about 55 ст! (Fig. 3.8), while the temperature at which the spec- 
trum was obtained was about 300 K. We are led, then, to a B value of 
about 1-8 cm ^ ' which is in fair agreement with the earlier values, but much 
less precise. 

From Table 3.2 we see that the band origin, at the midpoint of Pa and 
Ro), is at 2143-26 cm ^*. This, then, is the fundamental vibration frequency 
of carbon monoxide, if anharmonicity is ignored. The latter can be taken 
into account, however, since the first overtone is found to have its origin at 
4260:04 cm~ +. We have: 


5l — 2x,) = à, = 2143-26 
2941 — 3x,) = 4260-04 
from which о, = 2169-74 ст, x, = 0:0061. 


34 BREAKDOWN OF THE BORN-OPPENHEIMER 
APPROXIMATION: THE INTERACTION OF ROTATIONS 
AND VIBRATIONS 


So far we have assumed that vibration and rotation can proceed quite 
independently of each other. A molecule vibrates some 10? times during the 
course of a single rotation, however, so it is evident that the bond length 
(and hence the moment of inertia and B constant) also changes continually 
during the rotation. If the vibration is simple harmonic the mean bond 
length will be the same as the equilibrium bond length and it will not vary 
with vibrational energy; this is seen in Fig. 3.1. However, the rotational 
constant B depends on 1/r? and, as shown by an example in Sec. 2.3.4, the 
average value of this quantity is not the same as 1/24, where г. is the 


‘equilibrium length. Further an increase in the vibrational energy is accom- 


panied by an increase in the vibrational amplitude and hence the value of B 
will depend on the v quantum number, 

In the case of anharmonic vibrations the situation is rather more com- 
plex. Now an increase in vibrational energy will lead to an increase in the 
average bond length—this is perhaps most evident from Fig. 3.4. The rota- 
tional constant then varies even more with vibrational energy. prs 

In general, it is plain that, since r,, increases with the vibrational 
energy, B is smaller in the upper vibrational state than in the lower. In fact 
an equation of the form: 

B, = B, — ov +4) (3.22) 
Bives, to a high degree of approximation, the value of B,, the rotational 
Constant in vibrational level v, in terms of the equilibrium value B, and a, a 
small positive constant for each molecule. 
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Here we restrict our discussion to the fundamental vibrational change, 
ie. the change v = 0— v = 1, and we may take the respective B values as 
B, and B, with B, > B,. For this transition: 

Ав = Ej, v=1 — ё)", v=0 
= à, + B,J'(J' + 1) — Bo J"(J" + 1) cm^! 
where, as before, ©, = (1 — 2x,). 

We then have the two cases: 


1. Аж ЧАЛКА = +1 
Ав = yg = à, + (B, + В," + 1) + (B, — Bo" + 1)? cm~! 


01:2...) (323a) 
and 


2. ATI = у 1 
Ав = ¥p = à, — (В, + ВЈ + 1) + (B, — В, + 1)? ст! 


(= 0, 1, 2,...) (323b) 


where we have written v» and v, to represent the wavenumbers of the P and 


R branch lines respectively. These two equations can be combined into the 
expression: 


Ўрк = ©, + (B, + Bom + (B, — Bom? ст! (m= +1, +2,...) 


(3.23c) 


where positive m values refer to the R branch and negative to P. 

We see that ignoring vibration-rotation interaction involves setting 
B, = Bo, when Eq. (3.23c) immediately simplifies to (3.20c). Since B, < Bo 
the last term of (3.23c) is always negative, irrespective of the sign of m, and 
the effect on the spectrum of a diatomic molecule is to crowd the rotational 
lines more closely together with increasing m on the R branch side, while 
the P braneh linesebecome more widely spaced as (negative) m increases. 
Normally B, and B, differ only slightly and the effect is marked only for 
high m values. This is exactly the situation shown in the spectrum of carbon 
monoxide, Fig. 3.7(b). Р 

In Table 3.3 some of the data for carbon monoxide are tabulated, 
together with the positions of lines calculated from the equation: 


Vspect. = 2143-28 + 3-813m — 0:0175m? cm t 
From this we see that, for this molecule: 


B, = 1:898 ст! By = 1:915 стг! 
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Table 3.3 Observed and calculated 
wavenumbers of some lines in the 
spectrum of carbon monoxide 


m J” Vobs. Vole lh 
30 29 224164 2241-91 
25 24 2227-63 2227:65 
20 19 221262 2212:54 
15 14 2196-66 2196-53 
10 9 2179-77 2179-66 

5 4 216197 2161-90 
0 — (Band centre) 2143-28 
25 5 212370 2123-78. 

— 10 10° 2103-27 2103-40 

-15 15 2082:01 2082:15 

—20 20 2059-91 2060-02 

— 25 25 203703 2037-02 

— 30 30 2013-35 2013-14 


+ Values calculated from: v = 2143-2 
+ 3:813m — 0:0175m?. 


and hence, using Eq. (3.22), we have: 
a = 0:018 В, = 1:924 стт! 


Further, we can calculate the equilibrium bond length апа the bond lengths 
in the v = 0 and v = 1 states (cf. pp. 46-47) to be: 


Tea. = 0:1130 nm ro = 0:1133 nm тү = 0:1136 nm 


35 THE VIBRATIONS OF POLYATOMIC MOLECULES 


In this section and the next, just as in the corresponding one dealing with 
the pure rotational spectra of polyatomic molecules, we shall find that 
although there is an increase in the complexity, only slight and quite logical 
extensions to the simple theory are adequate to give us an understanding of 
the spectra. We shall need to discuss: 


l. The number of fundamental vibrations and their symmetry 
2. The possibility of overtone and combination bands 
3. The influence of rotation on the spectra. 


351 Fundamental Vibrations and their Symmetry 


n refer to the position of 


Consider a molecule containing N atoms: we ca ' 
the x, у, and 2 cartesian 


Sach atom by specifying three coordinates (e.g. 
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coordinates). Thus the total number of coordinate values is 3N and we say 
the molecule has 3N degrees of freedom since each coordinate value may be 
specified quite independently of the others. However, once all 3N coordi- 
nates have been fixed, the bond distances and bond angles of the molecule 
are also fixed and no further arbitrary specifications can be made. 

Now the molecule is free to move in three-dimensional space, as a 
whole, without change of shape. We can refer to such movement by noting 
the position of its centre of gravity at any instant—to do this requires a 
statement of three coordinate values. This translational movement uses 
three of the 3N degrees of freedom leaving 3N — 3. In general, also, the 
rotation of a non-linear molecule can be resolved into components about 
three perpendicular axes (cf. Sec. 1.1). Specification of these axes also re- 
quires three degrees of freedom, and the molecule is left with 3N — 6 
degrees of freedom. The only other motion allowed to it is internal vibra- 
tion, so we know immediately that a non-linear N-atomic molecule can 
have 3N — 6 different internal vibrations: 


Non-linear: 3N — 6 fundamental vibrations (3.24a) 


If, on the other hand, the molecule is linear, we saw in Chapter 2 that 
there is no rotation about the bond axis; hence only two degrees of rota- 
tional freedom are required, leaving 3N — 5 degrees of vibrational 
freedom—one more than in the case of a non-linear molecule: 


Linear: 3N — 5 fundamental vibrations (3.24b) 


In both cases, since an N-atomic molecule has N — 1 bonds (for acyclic 
molecules) between its atoms, N — 1 of the vibrations are bond-stretching 
motions, the other 2N — 5 (non-linear) or 2N — 4 (linear) are bending mo- 
tions. 2 

Let us look briefly at examples of these rules. First, we see that for a 
diatomic molecule (perforce linear) such as we have already considered in 
this chapter: N — 2, 3N — 5 — 1 and thus there can be only one fundamen- 
tal vibration. Note, however, that the 3N — 5 rule says nothing about the 
presence, absence, or intensity of overtone vibrations—these are governed 
solely by anharmonicity. 

Next, consider water, H,O. This (Fig. 3.9) is non-linear and triatomic. 
Also in the figure are the 3N — 6 — 3 allowed vibrational modes, the arrows 
attached to each atom showing the direction of its motion during half of the 
vibration. Each motion is described as stretching or bending depending on 
the nature of the change in molecular shape. 

These three vibrational motions are also referred to as the normal 
modes of vibration (or normal vibrations) of the molecule; in general a 
normal vibration is defined as a molecular motion in which all the atoms 
move in phase and with the same frequency. 
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——a es 0 mm 


C; axis 


"EB 


(а) symmetric stretching (b) symmetric bending — (c) antisymmetric stretch 
36517 ст”! 15950 ст”! 37558 ст”! 
у, parallel (||) уз, parallel (||) уу, perpendicular (1) 


Figure 3.9 The symmetry of the water molecule and its three fundamental vibrations. The 
motion of the oxygen atom, which must occur to keep the centre of gravity of the molecule 
stationary, is here ignored. 


Further each: motion of Fig. 3.9 is labelled either symmetric or anti- 
symmetric. It is not necessary here to go far into the matter of general 
molecular symmetry since other excellent texts already exist for the inter- 
ested student, but we can see quite readily that the water molecule contains 
some elements of symmetry. In particular consider the dashed line at the 
lop of Fig. 3.9 which bisects the HOH angle; if we rotate the molecule 
about this axis by 180? its final appearance is identical with the initial one. 
This axis is thus referred to as a С, axis since twice in every complete 
révolution the molecule presents an identical aspect to an observer. This 
Particular molecule has only the one rotational symmetry axis, and it is 
conventional to refer the molecular vibrations to this axis. Thus consider 
the first vibration, Fig. 3.9(a). If we rotate the vibrating molecule by 180 the 
Vibration is quite unchanged in character—we call this a symmetric vibra- 
tion. The bending vibration, v;, is also symmetric. Rotation of the stretch- 
Ing motion of Fig. 3.9(c) about the C; axis, however, produces a vibration 
Which is in antiphase with the original and so this motion is described as 
the antisymmetric stretching mode. 7 

In order to be infra-red active, as we have seen, there must be a dipole 
change during the vibration and this change may take place either along 
the line of the symmetry axis (parallel to it, or ||) or at right angles to the 
line (perpendicular, L). Figure 3.10 shows the nature of the dipole changes 
for the three vibrations of water, and justifies the labels parallel or perpen- 
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Figure 3.10 The change in the electric dipole moment produced by each vibration of the water 
molecule. This is seen to occur either along (|) or across (1), the symmetry axis. The ampli- 
tudes are greatly exaggerated for clarity. 


dicular attached to them in Fig. 3.9. We shall see later that the distinction is 
important when considering the influence of rotation on the spectrum. 

Finally the vibrations are labelled in Fig. 3.9 as уу, у, and v3. By 
convention it is usual to label vibrations in decreasing frequency within 
their symmetry type. Thus the symmetric vibrations of H,O are labelled v, 
for the highest fully symmetric frequency (3651-7 cm !), and v5 for the next. 
highest (1595-0 cm~'); the antisymmetric vibration at 3755-8 ст! is then 
labelled v; . 

Our final example is of the linear triatomic molecule СО, , for which 
the normal vibrations are shown in Fig. 3.11. For this molecule there are 
two different sets of symmetry axes. There is an infinite number of twofold 
axes (C;) passing through the carbon atom at right angles to the bond 
direction, and there is an co-fold axis (C„) passing through the bond axis 
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Figure3.11 The symmetry and fundamental vibrations of the carbon dioxide molecule. 


itself (this is referred to as co-fold since rotation of the molecule about the 
bond axis through any angle gives an identical aspect). The names sym- 
Metric stretch and antisymmetric stretch are self-evident, but it should be 
noted that the symmetric stretch produces no change in the dipole moment 
(which remains zero) so that this vibration is not infra-red active; the vibra- 
tion frequency may be obtained in other ways, however, which we shall 
discuss in the next chapter. 

For linear triatomic molecules, 3N — 5 = 4, and we would expect four 
Vibrational modes instead of the three shown in Fig. 3.11. However, con- 
Sideration shows that v; in fact consists of two vibrations—one in the plane 
of the paper as drawn, and the other in which the oxygen atoms move 
Simultaneously into and out of the plane. The two sorts of motion are, of 
Course, identical in all respects except direction and are termed degenerate; 
they must, nevertheless, be considered as separate motions, and it is always 
in the degeneracy of a bending mode that the extra vibration of a linear 
molecule over a non-linear one is to be found. 

It might be thought that v, of H,O (Fig. 3.9(b)) could occur by the 

Ydrogens moving simultaneously in and out of the plane of the paper. 
Such a motion is not a vibration, however, but a rotation. As the molecule 
*PProaches linearity this rotation degenerates into a vibration, and the 


Molecule loses one degree of rotational freedom in exchange for one of 
Vibration, 
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3.5.2 Overtone and Combination Frequencies 


If one were able to observe the molecules of H;O or CO, directly their 
overall vibrations would appear extremely complex; in particular, each 
atom would not follow tidily any one of the separate paths depicted in Figs 
3.9 or 3.11, but its motion would essentially be a superposition of all such 
paths, since every possible vibration is always excited, at least to the extent 
of its zero point energy. However, such superposition could be resolved into 
its components if, for instance, we could examine the molecules under 
stroboscopic light flashing at each fundamental frequency in turn. This is, 
so to speak, the essence of infra-red spectroscopy— instead of flashing we 
have the radiation frequency, and the ‘examination’ is a sensing of dipole 
alteration. Thus, as we would expect, the infra-red spectrum of a complex 
molecule consists essentially of an absorption band at each of the 3N — 6 
(non-linear) or 3N — 5 (linear) fundamental frequencies. 

This is, of course, an over-simplification, in which two approximations 
are implicit: (1) that each vibration is simple harmonic, (2) that each vibra- 
tion is quite independent and unaffected by the others. We shall consider (2) 
in more detail later; for the moment we can accept it as a good working 
approximation. 

When the restriction to simple harmonic motion is lifted we have again, 
as in the case of the diatomic molecule (Sec. 3.1.3), the possibility of first, 
second, etc., overtones occurring at frequencies near 2v,, 3v,, ..., 2v;, 3V2> 
+++, 2V3, ..., etc, where each у; is a fundamental mode. The intensities fall 
off rapidly. However, in addition, the selection rules now permit combina- 
tion bands and difference bands. The former arise simply from the addition 
of two or more fundamental frequencies or overtones. Such combinations 
bo Sk v2, 2v; + v2, V1 + V5 + v3, etc., become allowed, although their 
intensities are normally very small. Similarly the difference bands, for exam- 
ple, v, — v2, 2v; — v2, У: + У: — v3, have small intensities but are often to 
be found in a complex spectrum. 

The intensities of overtone or combination bands may sometimes be 
considerably enhanced by a resonance phenomenon. It may happen that 
two vibrational modes in a particular molecule have frequencies very close 


to each other—they are described as accidentally degenerate. Note that we 
are not here referring to identical vibrations, such as the two identical v;'s 


of CO; (Е ig. 3.11), but rather to the possibility of two quite different modes 
having similar energies. Normally the fundamental modes are quite differ- 
ent from each other and accidental degeneracy is found most often between 
a fundamental and some overtone or combination. A simple example is to 
be found in CO, where v,, described as at about 1330 cm~ 1 is very close to 
that of 2v, = 1334 cm™!. (As mentioned earlier, these bands are not observ- 
able in the infra-red, but both may be seen in the Raman spectrum dis- 
cussed in the next chapter; the principles of resonance apply equally to both 
techniques.) Quantum mechanics shows that two such bands may interfere 
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with each other in such a way that the higher is raised in frequency, the 
lower depressed—and in fact the Raman spectrum shows two bands, one at 
1285 cm ^ !, the other at 1385 cm~*. Their mean is plainly at about 1330 
сш. 

Note, however, that one of these bands arises from a fundamental mode 
(v,), the other from the overtone 2v;, and we would normally expect the 
former to be much more intense than the latter. In fact, they are found to be 
of about the same intensity—the overtone has gained intensity at the 
expense of the fundamental. This is an extreme case—normally the overtone 
takes only a small part of the intensity from the fundamental. The situation 
is often likened to that of two pendulums connected to a common bar— 
when the pendulums have quite different frequencies they oscillate indepen- 
dently; when their frequencies are similar they can readily exchange energy, 
one with the other, and an oscillation given to one is transferred to and fro 
between them. They are said to resonate. Similarly two close molecular 
vibrational frequencies resonate and exchange energy—the phenomenon 
being known as Fermi resonance when a fundamental resonates with an 
overtone. In the spectrum of a complex molecule exhibiting many funda- 
mentals and overtones, there is a good chance of accidental degeneracy, and 
Fermi resonance, occurring. However, it should be mentioned that not all 
such degeneracies lead to resonance. It is necessary, also, to consider the 
molecular symmetry and the type of degenerate vibrations; we shall not, 
however, pursue the topic further here. 


36 THE INFLUENCE OF ROTATION ON THE SPECTRA 
OF POLYATOMIC MOLECULES 


In Sec. 32 we found that the selection rule for the simultaneous rotation 
ànd vibration of a diatomic molecule was 


Av = +1, +2, 3,... AJ=+1  AJ$0 


and that this gave rise to a spectrum consisting of approximately equally 
spaced line series on each side of a central minimum designated as the band 
centre, 

Earlier in the present section we showed that the vibrations of complex 
Molecules could be subdivided into those causing a dipole change either (1) 
Parallel or (2) perpendicular to the major axis of rotational symmetry. The 
Purpose of this distinction, and the reason for repeating it here, is that the 
Selection rules for the rotational transitions of complex molecules depend, 
“Ather surprisingly, on the type of vibration, || or L, which the molecule 1s 
undergoing, Less surprisingly, the selection rules and the energies depend 
9n the shape of the molecule also. We shall deal first with the linear mol- 


еше as the simplest, and then say a few words about the other types of 
Molecule, 
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3.6.1 Linear Molecules 


Parallel vibrations The selection rule for these is identical with that for 
diatomic molecules, i.e., 


AJ = +1 Av = +1 for simple harmonic motion (3.25a) 
AJ = +1 Av = +1, +2, +3,... for anharmonic motion (3.256) 


(This is, in fact, as expected, since a diatomic molecule is linear апа сап 
undergo only parallel vibrations.) The spectra will thus be similar in 
appearance, consisting of P and R branches with lines about equally spaced 
on each side, no line occurring at the band centre. Now, however, the 
moment of inertia may be considerably larger, the B value correspondingly 
smaller, and the P or R line spacing will be less. Figure 3.12 shows part of 
the spectrum of HCN, a linear molecule whose structure is H—C=N. The 
band concerned is the symmetric stretching frequency at about 3310 cm™', 
(corresponding to the v,-mode of CQ, in Fig. 3.11), and the spacing is 
observed to be about 2:8-3-0 cm~! near the band centre. This is to be 
бс for example, with the spacing of about 4-0 cm! in the case of 
. For still larger molecules the value of B may be so small that separate 
lines can n5 longer be resolved in the P and R branches. In this case the 
situation is exactly analogous to that shown previously in Fig. 3.8 and the 
same remarks apply as to the possibility of deriving a rough value of B from 
the separation between the maxima of the P and R envelopes. We shall 
shortly see that a non-linear molecule cannot give rise to this type of band 


3220 3230 3240 3250 3260 3270 3280 3290 3300 3310 3320 3330 3340 3350 3360 3370 3380 3390 


стг! 
Figure 3.12 Spectrum of the 


P and R branch lines. Symmetric stretching vibration of the HCN molecule showing the 
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shape, so its observation somewhere within a spectrum is sufficient proof 
that a linear, or nearly linear, molecule is being studied. 
Perpendicular vibrations For these the selection rule is found to be: 

Av= +1 AJ =0, +1 for simple harmonic motion (3.26) 


which implies that now, for the first time, a vibrational change can take 
place with no simultaneous rotational transition. The result is illustrated in 
Fig. 3.13, which shows the same energy levels and transitions as Fig. 3.6 


em 35 X 


Figure 3.13 The rotational energy levels for two vibrational states showing the effect on the 
Spectrum of transitions for which AJ = 0. 
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with the addition of AJ = 0 transitions. If the oscillation is taken as simple 
harmonic the energy levels are identical with those of Eq. (3.18) and the P 
and R branch lines are given, as before, by Eqs (3.20) or (3.21). Transitions 
with AJ =0, however, correspond to a Q branch whose lines may be 
derived from the equations: 


Де = Ez v+1 — бу 
= Ho, — 21x, à, + BJ(J + 1) — {4@, — іх, à, + BJ(J + 1)} 
=, frin for all J (3.27) 


Thus the Q branch consists of lines superimposed upon each other at 


4 Ww e E X m Gm x 


Figure 3.14 Spectrum of the bending mode of the HCN mo! 


The broad absorption centred at 800 cm -! dicto cs ae lecule showing the PQR structure. 


urity. 


= 
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the band centre @,, one contribution arising for each of the populated J 
values. The resultant line is usually very intense. 

If we take into account the fact that the B values differ slightly in the 
upper and lower vibrational states (cf. Sec. 3.4), we would write instead: 


Ав = E5441 — уь 
= 130, — 21x, @, + BJ(J + 1) — (19, — 1x, à, + В". + 1)} 
= ©,  J(J + 1(B' — В"). (3.28) 


Further, if B' < B", we see that the О branch line would become split into a 
series of lines on the low-frequency side of ©, (since В’ — B" is negative). 
Normally, however, B' — B" is so small that the lines cannot be resolved, 
and the Q branch appears as a somewhat broad absorption centred around 
6, . This is illustrated in Fig. 3.14, which is a spectrum of the bending mode 
of HCN (corresponding to у, of CO, in Fig. 3.11). Finally, if the rotational 
fine structure is unresolved, this type of band has the distinctive contour 
shown in Fig. 3.15. 

It should be remembered (see. Chapter 2) that polyatomic molecules 
with zero dipole moment do not give rise to pure rotation spectra in the 
microwave region (for example, СО,, HC=CH, СН). Such molecules do, 
however, show vibrational spectra in the infra-red region (or Raman, cf. 
Chapter 4) and, if these spectra exhibit resolved fine structure, the moment 
of inertia of the molecule can be obtained. 


Figure 315 The contour of a РОК band under low resolution. 
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3.6.2 The Influence of Nuclear Spin 


It is necessary here to say a brief word about the spectrum of carbon 
dioxide and other linear molecules possessing a centre of symmetry. À 
centre of symmetry means that identical atoms are symmetrically disposed 
with respect to the centre of gravity of the molecule. Thus, plainly both 
CO; [O=C=0] and acetylene [H—C=C—H] possess a centre of sym- 
metry, while HCN, ог N,O [N=N=O] do not. 

The reader may have noticed that, although we used CO, as an exam- 
ple of a vibrating molecule in Fig. 3.11, we did not use it to illustrate real 
spectra in the subsequent discussion. This is because the centre of symmetry 
has an effect on the intensity of alternate lines in the P and R branches. The 
effect is due to the existence of nuclear spin (cf. Chapter 7) and is an 
additional factor determining the populations of rotational levels. In the 
case of CO, every alternate rotational level is completely unoccupied and 
so alternate lines in the P and R branches have zero intensity. This leads to 
a line-spacing of 4B instead of the usual 2B discussed above. That the 
spacing is indeed 4B (and not 2B with an unexpectedly large value of B) can 
be shown in several ways, perhaps the most convincing of which is to 
examine the spectrum of the isotopic molecule 180—C—!60, Here there is 
no longer a centre of Symmetry, nuclear spin does not now affect the 
Rie and the line-spacing is found to be just half that for ‘normal’ 

2. 

In the case of acetylene, alternate levels have populations which differ 
by a factor of 3:1 (this, due to nuclear spin alone, is superimposed on the 
normal therma! distribution and degeneracy) so that the P and R branch 


lines show a strong, weak, strong, weak, . . . alternation in intensity, as 
shown in Fig. 3.16, 


3.6.3 Symmetric Top Molecules 


Following the Born-Oppenheimer approximation we can take the 


vibrational-rotational energy | i 
nal: y levels for this type of mol um 
of the vibrational levels: e BE i 


Fup. = (0 + 90, — (v + У?х,ф, cm-: 
and the rotational levels (cf. Eq. (2.38)), 
5o. = BJ + 1) + (4 — B)K? сщ-1 


[v 50/1, 2:5, ...] 


[J =0, 1,2,.. 


ЕЭО) оул. -J 
thus n ; 


£p = Evin. RE Erot. = (v E 3o, E (v an Hx. Ф, 


+ BUS + 1) (4 — BK? ст! (329) 


This equation assumes, of course, that centrifugal distortion is negligible. 
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650 700 750 800 ст”! 


Figure 3.16 The spectrum of a bending mode of acetylene, HC=CH, showing the е 
Weak, strong, weak, ... intensity alternation in the rotational fine structure due to the nuclear 
spin of the hydrogen atoms. 


Again it is necessary to divide the vibrations into those which change 
the dipole (1) parallel and (2) perpendicular to the main symmetry cn 
Which is nearly always the axis about which the 'top' rotates. The rotationa 
Selection rules differ for the two types. 


Parallel vibrations Неге the selection rule is: 


Av. = dd А Orb ene eO (3.30) 


Since here AK = 0, terms in K wili be identical in the upper и ded 
and so the spectral frequencies will be independent of K, Thus the x npn 
Will be identical to that discussed for the perpendicular vibrations wi etis 
molecule, The spectrum will contain P, Q, and R branches with goede 6 
Spacing of 2B (which is unlikely to be resolved) and a strong 
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1220 1240 _ 1260 ст”! 1280 


Figure 3.17 The parallel stretching vibration, centred at 1251 ст! 


, of the symmetric top 
molecule methyl iodide, CH 3l, showing the typical PQR contour. 


branch. Such a Spectrum, a || band of methyl iodide, CHI, is shown in Fig. 
3.17. The intensity of the Q branch (relative to lines in the P and R 
branches) varies with the ratio I,/Iy; in the limit, when 7 4^ 0, the sym- 


metric top becomes a linear molecule and the Q branch has zero intensity, 
as discussed earlier. 


Perpendicular vibrations For these the selection rule is: 


Ар= +1  AJ-0,41 AK = +1 (3.31) 


Each of the following expressions is readil 


y derivable for the spectral lines, 
taking the energy levels of Eq. (3.29). 


(1) AJ = 41, AK = +1 (К branch lines): 


Ав = Se = ©, + 2BU + 1) + (4 — ВІ + 2К) стт! (3.324) 


(2) AJ =—1, AK = +1 (Р branch lines): 


"ps. = 0,—2BU + 1) + (4 — BYL-+2K) om! (3.326) 
(3) AJ =0, AK = +1 (О branch lines): 


Vepect. =O, + (4 — BX1 + 2К) cm-! (3.32c) 


We see, then, that this type of vibratio: 


> , n gives rise to many sets of P and 
R branch lines since for each J value t 


here are many allowed values of K 
J » ++, —J). The wings of the Spectrum will thus be quite 
complicated and will not normally be resolvable into separate lines. The Q 
branch is also complex, since it too will consist of a series of lines on both 
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Figure 3.18 A perpendicular stretching 
50 850 900 950 1000 vibration of methyl iodide showing the 


ст”! typical О branch sequence. 


sides of @, separated by 2(A — В). This latter term may not be small (and is 
equal to zero only for spherical top molecules which have all their moments 
of inertia equal). For A > B (for example, СН) the Q branch lines will be 
well separated and will appear as a series of maxima above the P, R 
envelope. This spectrum is shown in Fig. 3.18. 

It will be noted in this figure that the lines have a distinct periodical 
variation in intensity—strong, weak, weak, strong, weak, weak, .... This 
behaviour reminds us of CO, and C;H;, discussed earlier, in which the 
presence or absence of nuclear spin altered.the relative populations of the 
rotational levels. In that case, where the molecule had a twofold axis of 
symmetry, the periodicity also was two—strong, weak, strong, weak, .... It 
is not surprising, therefore, that the threefold periodicity, strong, weak, 
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weak, strong, ... seen in CH,I, arises because of its threefold axis of sym- 
metry to rotations about the C—I axis. The appearance of such a spectrum 
confirms immediately that we are dealing with a molecule containing an 
XY, grouping. 


Other Polyatomic Molecules 


We shall not go further with the discussion of their detailed spectra here—it 
suffices to state that the complexity increases, naturally, with the molecular 
complexity. An excellent treatment is to be found in Herzberg’s book, but 
the subject is not for the beginner in spectroscopy. 


Summary 


We have seen that the infra-red spectrum of even a simple diatomic molecu- 
le may contain a great many lines, while that of a polyatom may be extraor- 
dinarily complex, even though some of the details of fine structure are 
blurred by insufficient resolving power. Although in favourable cases much 
information may be obtained about bond lengths and angles or at least the 
general shape of a molecule, in others even the assignment of observed 
bands to particular molecular vibrations is not trivial. Assignments are 
based mainly on experience with related molecules, on the band contour 
(from which the type of vibration, || or 1, can usually be deduced), and on 
the use of Raman Spectra (see Chapter 4). Consideration of the symmetry of 
the molecule is also important because this determines which vibrations are 
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small portion of the molecule, the remainder being more or less stationary. 
We deal with these classes separately. 

Skeletal frequencies usually fall in the range 1400-700 ст! and arise 
from linear or branched chain structures in the molecule. Thus such groups 


as 
1 
-c-o C REEL Q 
c 


etc., each give rise to several skeletal modes of vibration and hence several 
absorption bands in the infra-red. It is seldom possible to assign particular 
bands to specific vibrational modes, but the whole complex of bands ob- 
served is highly typical of the molecular structure under examination. Fur- 
ther, changing a substituent (on the chain, or in the ring) usually results ina 
marked change in the pattern of the absorption bands. Thus these bands 
are often referred to as the ‘fingerprint’ bands, because a molecule or struc- 
tural moiety may often be recognized merely from the appearance of this 
part of the spectrum. An excellent example of this is shown in Fig. 3.19(a) 
which compares the infra-red spectra of natural and synthetic thymidine. 
The remarkably exact correlation between the spectra shows that the syn- 
thetic product cannot differ in the slightest degree from the natural sub- 
stance. 

Group frequencies, on the other hand, are usually almost independent 
of the structure of the molecule as a whole and, with a few exceptions, fall in 
the regions well above and well below that of the skeletal modes; Table 3.4 
collects some of the data, of which a much more complete selection is to be 
found in the books by Bellamy and Nakamoto mentioned in the bibli- - 
ography at the end of this chapter. We see that the vibrations of light atoms 
in terminal groups (for example, —CH3, —OH, —C=N, > C=O, ete.) are 
of high frequency, while those of heavy atoms (—C—Cl, —C—Br, metal- 
metal, etc.) are low in frequency. Their frequencies, and consequently their 
spectra, are highly characteristic of the group, and can be used for analysis. 
For example, the —CH; group gives rise to a symmetric C—H stretching 
absorption invariably falling between 2850 and 2890 cm~!, an asymmetric 
stretching frequency at 2940-2980 cm 1 a symmetric deformation (ie., the 


opening and closing of the Ce ‘umbrella’) at about 1375 cm~}, and 
| 


HH 
an asymmetric deformation at about 1470 cm ^1. Again, the >С==О group 
shows a very sharp and intense absorption between 1600 and 1750 cm, 
depending largely on the other substituents of the group. An example of the 
application of group frequency data is shown in Fig. 3.19(b); this is the 
spectrum of thioacetic acid—acetic acid in which one oxygen atom has been 


801 


Synthetic thymidine 


н. он 
Em 


H H CH,OH 


Natural thymidine 


Absorption 


3600 3200 2800 2400 2000 1800 1600 1400 1200 1000 800 
em^! 


Figure 3.19(a) Comparison of the infra-red spectra of natural and synthetic thymidine, to show the use of the fingerprint region. 
(N — absorption from liquid paraflin (nujol) in which the solid thymidine is suspended.) ( These spectra and that of Fig. 3.19(b) are 


reproduced by kind permission of Professor N. Sheppard of the University of East Anglia, Norwich.) 


Absorption ——- 


3500 3000 2500 2000 1800 1600 


Figure 3.19(b) The spectrum of thiocetic acid, CH,CO.SH. 


Table 3.4 Characteristic stretching frequencies of some molecular 
groups 


Approximate frequency 
(стт!) 


Approximate frequency 


(cm~?) Group 


—OH 3600 >C=0 1750-1600 
—NH, 3400 >C=C< 1650 
=CH 3300 >C=N~ 1600 
H >C—C< 
Cr 3060 »C—N«, 1200-1000 
»C—O- 
=CH, 3030 
>c=s 1100 
—CH, 72970 (asym. stretch) 
2870 (sym. stretch) >C—F 1050 
1460 (asym. deform.) 
1375 (sym. deform.) >C—Cl 725 
—CH— 2930 (asym. stretch) >C—Br 650 
2860 (sym. stretch) 
1470 (deformation) >c—I 550 


800 
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replaced by sulphur; the question might be asked: is the molecule CH,CO. 
SH, or CH,CS.OH? The infra-red spectrum gives a very clear answer. It 
shows a very sharp absorption at about 1730 cm 1 and one at about 2600 
cm-!, and these are consistent with the presence of > C=O and —SH 
groups, respectively (cf. Table 3.4). Also there is little or no absorption at 
1100 стг! (apart from the general background caused by the skeletal 
vibrations), thus indicating the absence of >C=S. 

The idea of group vibrations also covers the motions of isolated fea- 
tures of a molecule which have frequencies not too near those of the skeletal 
vibrations. Thus isolated multiple bonds (for example, >С=С< or 
—C=C-—) have frequencies which are highly characteristic. When, how- 
ever, two such groups which, in isolation, have comparable frequencies, 
occur together in a molecule, resonance occurs and the group frequencies 
may be shifted considerably from the expected value. Thus the isolated 


R 
carbonyl in a ketone | 5х-о| and the > С=С < double bond, have 
R 


group frequencies of 1715 and 1650 cm ^! respectively; however, when the 
grouping Du sro occurs, their separate frequencies are shifted to 


1675 and about 1600 ст! respectively and the intensity of the > С=С < 
absorption increases to become comparable with that of the inherently 
strong 7 С=О band (cf. Fermi resonance, p. 97). Closer coupling of the 
two groups, as in the ketene radical, > C—C—O, gives rise to absorptions 
at about 2100 and 1100 cm ^ !, which are very far removed from the ‘charac- 
teristic’ frequencies of the separate groups. 

Shifts in group frequencies can arise in other ways too, particularly as 
the result of interactions between different molecules. Thus the —OH 
stretching frequency of alcohols is very dependent on the degree of hydro- 
gen bonding, which lengthens and weakens the —OH bond, and hence 
lowers its vibrational frequency. If the hydrogen bond is formed between 
the —OH and, say, a carbonyl group, then the latter frequency is also 
lowered, although to a less extent than the —OH, since hydrogen bonding 
weakens the > C—O linkage also. However, shifts in group frequency posi- 
tion caused by resonance or intermolecular effects are in themselves highly 
characteristic and very useful for diagnostic purposes. 

In a similar way a change of physical state may cause a shift in the 
frequency of a vibration, particularly if the molecule is rather polar. In 
general the more condensed phase gives a lower frequency: Vas > Уша © 
ЕУ на. Thus in the relatively polar molecule НСІ there is a shift of 
some 100 ст! in passing from vapour to liquid and a further decrease of 
20 em on solidification. Non-polar СО,, on the other hand, shows 
negligible shifts in its symmetric vibrations (Fig. 3.11(a) and (b) but a 
lowering of some 60 cm ^! in v, on solidification. 
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Examination of Table 3.4 shows that there are logical trends in group 
frequencies, since Eq. (3.4): 
1 jk 


uS Es ist 
2ncN и 


бее 4 

is approximately obeyed. Thus we see that increasing the mass of the atom 
undergoing oscillation within the group (i.e., increasing и) tends to decrease 
the frequency—cf. the series CH, CF, ССІ, CBr, or the values for > С=О 
and >C=S. Also, increasing the strength of the bond, and hence increas- 
ing the force constant k, tends to increase the frequency, e.g. the series 
—C—X, —C=X, —C=xX, where X is С, N, or (in the first two fragments) 
О. 

We should at this point consider very briefly the intensities of infra-red 
bands. We have seen that an infra-red spectrum only appears if the vibra- 
tion produces a change in the permanent electric dipole of the molecule. It 
is reasonable to suppose, then, that the more polar a bond, the more intense 
will be the infra-red spectrum arising from vibrations of that bond. This 
is generally borne out in practice. Thus the intensities of the > С=0, 
>C=N—, and > С=С < bands decrease in that order, as do those of 
the —OH, > NH, and > CH bands. For this reason, too, the vibrations of 
ionic crystal lattices often give rise to very strong absorptions. We shall see 
in the next chapter that the reverse is true in Raman spectroscopy—there 
the less polar (and hence usually more polarizable) bonds give the most 
intense spectral lines. 

In summary, then, experience coupled with comparison spectra of 
known compounds enables one to deduce a considerable amount of struc- 
tural information from an infra-red spectrum. It should perhaps be men- 
tioned that the complete interpretation of the spectrum of a complex 
molecule can be a very difficult or impossible task. One is usually content 
to assign the strongest bands and to be able to explain some of the weaker 
ones as overtones or combinations. 


38 TECHNIQUES AND INSTRUMENTATION 


3.8.1 Outline 


We first deal briefly with each component of the spectrometer as it is 
usually assembled for infra-red work. 


1. Source. The source is always some fotm of filament which is maintained 
at red- or white-heat by an electric current. Two common sources are di 
Nernst filament, consisting of a spindle of rare-earth oxides about 1 inc 
long and 0-1 inch in diameter, and the ‘globar’ filament, а rod of carbor- 
undum, somewhat thicker and longer than the Nernst. The Nernst 
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чө 


LES 


requires to be pre-heated before it will conduct electricity, but once 
red-heat is reached the temperature is maintained by the current. 

Optical path and monochromator. The beam is guided and focused by 
mirrors silvered on their surfaces. Normally a focus is produced at the 
point where the sample is to be placed. Ordinary lenses and mirrors are 
not suitable as glass absorbs strongly over most of the frequencies used. 
Any windows which are essential (e.g. to contain a sample, or to protect 
the detector) must be made of mineral salts transparent to infra-red 
radiation (NaCl and KBr are much used) which have been highly pol- 
ished in order to reduce scattering to a minimum. 

Similarly, the monochromator in some instruments is made of a rock 
salt or potassium bromide prism, which is rotatable to produce the 
required frequency in a manner similar to that of Fig. 1.11 (except, of 
course, that the lens is replaced by a condensing mirror). Modern instru- 
ments, however, use a rotatable grating instead of a prism, since this 
gives much better resolving power. 


. Detector. Two main types are in common use, one sensing the heating 


effect of the radiation, the other depending on photoconductivity. In 
both the greater the effect (temperature or conductivity rise) at a given 
frequency, the greater the transmittance (and the less the absorbance) of 
the sample at that frequency. 

An example of the temperature method is to be found in the Golay 
cell which is pneumatic in operation. The radiation falls on to a very 
small cell containing air, and temperature changes are-measured in terms 
of pressure changes within the cell which can be recorded directly as 
‘transmittance’, Alternative examples of this type of detector are small, 


having no loosely bound electrons in the normal state, but having 'con- 
duction bands’ or raised electron energy levels into which electrons may 


as lead sulphide, have been 
ation (although only above some 3500 стт!) that they make excellent 
detectors. The conductivity of the material can be measured contin- 
uously by a type of Wheatstone bridge network and, when plotted 
against frequency, this gives directly the transmittance of the sample. 


le is held between plates of 
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depending on the dilution. Gas samples at pressures of up to 1 atmo- 
sphere or greater are usually contained in glass cells either 5 or 10 cm 
long, closed at their ends with rock salt windows. Special long-path cells, 
in which the radiation is repeatedly reflected up and down the cell, may 
be used for gases at low pressure, perhaps less than 100 mmHg. 

Solid samples are more difficult to examine because the particles 
reflect and scatter the incident radiation and transmittance is always low. 
If the solid cannot be dissolved in a suitable solvent, it is best examined 
by grinding it very finely in paraffin oil (nujol) and thus forming a 
suspension, Or ‘mull’. This can then be held between salt plates in the 
same way as a pure liquid or solvent. Provided the refractive indices of 
liquid and solid phase are not very different, scattering will be slight. 

Another technique for handling solids is to grind them very finely 
with potassium bromide. Under very high pressure this material will flow 
slightly, and the mixture can usually be pressed into a transparent disk. 
This may then be placed directly in the infra-red beam in a suitable 
holder. Although superficially attractive the method is not generally 
recommended because of the difficulty in obtaining really reproducible 
results. 


n used to study otherwise intractible 


A further technique which is ofte 
py. Con- 


samples is known as attenuated total reflectance (atr) spectrosco 
sider a-trapezoidal block of a transparent material, as in Fig. 3.200). If the 
chamfer angle is properly chosen, radiation shone into one end will strike 
the flat surfaces at less than the critical angle and so will undergo total 
internal reflection to emerge, only slightly diminished in intensity, at the 
far end, as in Fig. 3.20(b). Now, although the internal reflection is conven- 
tionally called ‘total’, in fact the radiation beam penetrates slightly beyond 
the surface of the block during each reflection. If sample material is pressed 
closely to the outside of the block (Fig. 3.20(c)) the beam will travel a small 
distance through the sample at each reflection and so, on emerging at the 
far end of the block, it will ‘carry’ the absorption spectrum of the sample— 
the internal reflection is attenuated, or diminished by sample absorption, 
hence the name of this type of spectroscopy. The amount of pne ot 
into the sample depends on the wavelength of the radiation and the angle о 
incidence, but it is of the order of 10 ^ to 10-3 cm for infra-red waves 
During its passage through the block it may ш 
tions, so the total path length through the samp 
h а short, but often perfectly adequate, path leng 
€asonable spectrum. г 
Тһе block must be of material which is infra-red transparent, а р 
have а refractive index higher than that of the sample, otherwise АКТА 
reflection will not occur. Suitable materials ar silver chloride, t Ep 
tides, or germaniam, and tbe НОИ О are ong 
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Figure 3.20 Attenuated total reflection. (a) the transparent block, (b) internal reflection in the 
block, and (c) Penetration into the sample pressed against the block. 


wide, and 0-5 cm thick. The sample material can be in any form (except 
gaseous, for which a path length of 10-2 cm is far too Short) provided it can 


3.8.2 Double- and Single-Beam Operation 


Figure 3.21 shows the Spectrum of the atmosphere between 4000 and 400 


cm ^! taken with a-path length of some 2 m—this is not abnormally ‘long 
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Fi у 
gure 3.21 The infra-red spectrum of atmospheric water vapour and carbon dioxide. 


m beam paths in a spectrometer. It is evident that, although Н,О and 
the 2 Occur in air only in small percentages, their absorbance over much of 
En is considerable. Not only would this absorbance have to be 
Bose from the spectrum of any sample run under comparable condi- 
Ке ut, since the percentage of water vapour in the atmosphere is vari- 
for » Such a ‘background’ spectrum as Fig. 3.21 would have to be run afresh 
each sample. 
sco Aes regions of these absorbances are n 
Pic studies, some action must be taken either to remove t 


ot to be denied us in spectro- 
he H;O and 
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CO, from the air, or to remove the effects of their spectra. It is possible to 
remove these gases either by complete evacuation of the spectrometer, or by 
sweeping them out with a current of dry nitrogen, or dry CO,-free air. The 
first is not easy since a modern spectrometer may have a volume of some 
0-3 m? and there will be a great many places in its container where leaks 
may occur, Nor is it ever completely effective, since water vapour proves to 
be remarkably tenacious and weeks of hard evacuation may be necessary 
before all the water vapour is desorbed from the surfaces inside the spec- 
trometer. For this reason, also, sweeping with a dry inert gas is not very 
effective. However, these methods do, quite rapidly, reduce the interference 
considerably. 

The effects of this interference can be removed much more simply by 
using an instrument designed for double-beam operation. In this, the source 
radiation is divided into two by means of the mirrors M, and M, (Fig. 
3.22). One beam is brought to a focus at the sample space, while the other 
follows an exactly equivalent path and is referred to as the reference beam. 
The two beams meet at the sector mirror M;, which is sketched in plan 
view in Fig. 3.21(b). As this mirror rotates it alternately reflects the reference 
beam, or allows the sample beam through the spaces, into the mono- 
chromator. Thus the detector ‘sees’ the sample -beam and reference beam 
alternately. Both beams have travelled the same distance through the atmo- 
sphere and thus both are reduced in energy to the same extent by absorp- 
tion by CO, and Н,О. 

If a sample, capable of absorbing energy from the beam at the particu- 
lar frequency passed by the monochromator, is now placed in the sample 
beam, the detector will receive a signal alternating in intensity, since the 
sample beam carries less energy than the teference beam. It is a simple 
matter, electronically, to amplify this alternating signal and to arrange that 
a calibrated attenuator is driven into the reference beam until the signal is 
reduced to zero, i.e., until sample and reference beams are again balanced. 


The distance moved by the attenuator is a direct measure of the amount of 
energy absorbed by the sample. 

By balancing sample and reference beams in this way, the absorption of 
atmospheric CO, and H,0 do not appear in the infra-red spectra since 
both beams are reduced in energy to the same extent. The double-beam 
Spectrometer has other advantages, however. 

Firstly, it is much simpler to amplify the alternating signal produced 
than the d.c. signal resulting from a single-beam detector. 

Secondly, the sector mirror acts as a modulator (cf. p. 68) since it 

г | : » by amplifying only that component of 
the signal having the sector mirror frequency (usually 10-100 rotations per 
second), a great improvement in the signal-to-noise ratio results. 

SEM es examining the spectra of solutions, one can put a cell 
containing the appropriate quantity of pure solvent into the reference beam, 
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—Silvered surface 


AN 
(b) 


Fi Ape 
; hee 3.22 (a) Schematic diagram of a double-beam infra-red spectrometer. (b) A plan view of 
е rotating sector mirror M,. 


аш the solvent spectrum from the final trace. Ona single-beam 
from th 4 pe solvent spectrum must be taken separately and ‘subtracted 
stance of Solution spectrum in order to arrive at the spectrum of the sub- 
interest. 
н о be pointed ош, however, that a double-beam instrument is 
the она etely effective in removing traces of water vapour or CO, from 
differenc ta. No matter how carefully the instrument is assembled small 
This A. occur in the beam paths and a small residual spectrum results. 
Well as Ms sually be removed, however, by sweeping with dry, inert gas as 
k using the double-beam principle. 

y Ке er, more serious disadvantage which is 

spectrometers is that the double-beam inst 


h is not always appreciated 
rument only removes 
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the spectral trace of CO, and H,O; the very strong absorption of energy by 
these gases still remains in both beams. This means that at some parts of 
the spectrum the actual amount of energy reaching the detector may be 
extremely small. Under these conditions, unless the spectrometer is very 
carefully operated, the spectral trace of a substance may be quite false. 
Fortunately, regions of very high atmospheric absorption are few and 
narrow but they should be borne in mind when examining infra-red spectra. 
This disadvantage can only be removed by sweeping out or evacuating the 
spectrometer. Similar, but more pronounced, effects occur in regions of 
strong solvent absorbance when a compensating cell is put in the reference 
beam. 


3.8.3 Fourier Transform Spectroscopy 


Infra-red spectroscopy extends outside the limits we have discussed so far in 
this chapter, and in particular a good deal of useful molecular information 
is contained in spectra bélow 400 cm ^ !, that is, the far infra-red region, 
from about 400 cm ^! to 20 ст! or 10 cm~!. Because sources are weak 
and detectors insensitive, this region is known as 'energy-limited' and diffi- 
culty is experienced in obtaining good signal-to-noise ratios by conven- 
tional means. The advent of Fourier transform spectroscopy, already intro- 
duced in Sec. 1.8, has made the far infra-red much more accessible, and has 
considerably speeded and improved spectroscopy in the infra-red region in 
in general. 

In this region Fourier transform (FT) methods are used in absorption. 
The apparatus derives from the classical attempt by Michelson to measure 
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Figure 3.23 The interferometer unit of a Fourier transform spectrometer. 
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the ‘ether wind’ by determining the velocity of light in two perpendicular 
directions. A parallel beam of radiation is directed from the source to the 
interferometer, consisting of a beam splitter B and two mirrors M, and M; 
(Fig. 3.23). The beam splitter is a plate of suitably transparent material (e.g., 
potassium bromide) coated so as to reflect just 50 per cent of the radiation 
falling on it. Thus half the radiation goes to M,, and half to M;, returns 
from both these mirrors along the same path, and is then recombined to a 
single beam at the beam splitter (clearly half the total radiation is sent back 
to the source, but this is immaterial). 

Now it is well known (and the essence of the Michelson experiment) 
that if monochromatic radiation is emitted by the source, the recombined 
beam leaving B shows constructive or destructive interference, depending 
on the relative path lengths B to M, and B to M;. Thus if the path lengths 
are identical or differ by an integral number of wavelengths, constructive 
interference gives a bright beam leaving B, whereas if the difference is a 
half-integral number of wavelengths, the beams cancel at B. As the mirror 
М, is moved smoothly towards or away from B, therefore, a detector sees 
radiation alternating in intensity. It is fairly easy to imagine that if the 
source emits two separate monochromatic frequencies, у; and vz, then the 
interference pattern (beat pattern) of v; and v, would overlay the inter- 
ference caused by M, and M3; the detector would see a more complicated 
intensity fluctuation as M; is moved, but computing the Fourier transform 
of the resultant signal is a very rapid way of obtaining the original fre- 
quencies and intensities emitted by the source. Taking the process further, 
even ‘white’ radiation emitted by the source produces an interference pat- 
tern which can be transformed back to the original frequency distribution. 

Clearly then, if the recombined beam from such a source is directed 
through a sample before reaching the detector, sample absorptions will 
show up as gaps in the frequency distribution which, after transformation, 
yields a normal absorption spectrum. The production of a spectrum, then, 
may be thought of as follows: mirror M; is moved smoothly over a period 
of time (e.g., one second) through about 1 cm distance, while the detector 
signal—the interferogram—is collected into а multi-channel computer (it 
may be, for instance, that the detector signal is monitored every thousandth 
of a second during the mirror traverse, and each piece of information put 
serially into one of 1000 different storage points in the computer); the 
computer then carries out Fourier transformation on the stored data, and 
teplaces the ‘proper’ spectrum piecemeal into the same 1000 locations, 
wa 3 plotting out on to paper. 

e great advantage of FT spectroscopy x 
Spectrum is contained n the саара which is recorded in the com- 
Puter within one second, this is effectively the scan time. Even adding the 
Computing-and plotting time of, say, 15 seconds, the overall. time nena 
à spectrum is very short compared with the 10 minutes or so required Dy 


is its speed. Since the whole 
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conventional methods to obtain similar resolution. Essentially, to achieve a 
given resolution each element, or observation point, of the spectrum must 
be examined for a given time; in the conventional method each element is 
examined consecutively, whereas in the interferometer all the elements are 
examined simultaneously and later sorted out by rapid computation; the 
advantage of the latter is obvious. 


Other advantages are also offered by the FT technique; briefly these 
are: 


1. In a conventional instrument the radiation is invariably brought to a 
focus on a slit, and it is essentially the image of the slit which is seen by 
the detector; a very fine slit gives good resolving power since only a 
narrow spread of frequencies falls on the detector at any one moment, 
but the total amount of energy passing through the instrument is severe- 
ly limited, requiring high-gain and hence ‘noisy’ amplifiers. In FT work 
parallel beams are used throughout, and there is no need to bring the 
radiation to a focus except for convenience at the sample and at the 
detector—no slit is required and all the source energy passes through the 
instrument; consequently amplifiers are less critical and the resolving 
power is governed solely by the mirror traverse and computer capacity. 
It is for this reason that FT instruments were first developed for use in 
the energy-limited far infra-red region. 

. The resolving power of an FT instrument is constant over the entire 
spectrum; in a grating or prism instrument the resolving power depends 
on the angle which that component makes with the radiation beam, and 
hence varies with frequency—in particular it is usually especially poor at 
the ends of the spectrum. 

; The presence of a computer for FT work means that other jobs can be 
carried out automatically; thus several scans of the same sample may be 
‘added into the computer store in order to improve the signal-to-noise 
ratio; the spectrum output may be modified to suit the user by removing 
solvent peaks, correcting baseline drift, expanding parts of the spectrum, 
offsetting window absorptions, etc. It is even possible for calculation of 
peak intensities or sample concentrations to be made on a routine basis. 


3.8.4 The Carbon Dioxide Laser 


Currently the only laser which seems to have some potential for use in 
routine infra-red spectroscopy is that made from a mixture of carbon di- 
oxide and nitrogen, the so-called CO, laser. The primary excitation step in 
this is the excitation of nitrogen molecules into their first excited vibrational 
level, which, as Fig. 3.24 shows, is at about 2360 ст! above the ground 
state. This happens to be very close in energy to v3, the asymmetric stretch- 
ing vibration of CO, at 2350 ст! and so resonance excitation of CO; to 
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Figure 3.24 The energy levels of nitrogen and of carbon dioxide involved in the CO; laser. 


. Now both N, and CO, have 


this ў: _ ted N 
level occurs by collision with excited Nz apis de 


rotational states associated with these vibratio - 
indicated (schematically and not to scale) in Fig. 3.24. This MA rt 
many different rotational levels of Nz will be populated in the ш p 
tion, and consequently many rotational levels of the v3 vibration và ine 
ү be collisionally activated. In fact, levels up to some пиара" 
owest state of v, are effectively populated in this way. 

=) The excited CO, can, wor course does, decay spontaneously А 
directly to the ground state, liberating energy а5 heat. For this Hep а 
helium is incorporated into the gas mixture, to help in transferring t ii the 
to the walls of the containing tube, and the laser is normally operate: T ne 
Pulsed mode, although pulses can be as high as several per secon vo 
addition, however, stimulated emission is possible to v1, the symme 
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stretching mode of CO, at about 1390 cm^!, and this mode also has 
associated rotational levels. The system, then, is basically a four-level laser 
(cf. Sec. 1.10), although the many additional rotational levels also play their 
part. 

When acting as a laser, any activated molecules in уз can drop to any 
allowed levels of v,, that is, those levels to which transitions are allowed 
under the AJ = +1 selection rule. This means that a large number (perhaps 
80-100) of discrete laser frequencies are emitted over the range 900-1100 
ст —the separation of the у, and v, vibrations of CO,. The spacing 
between the emission lines is about 2 em ^3, the spacing of the rotational 
transitions. Now although this cannot be regarded as a ‘continuous’ source 
of radiation, and although its frequency range is very limited compared 
with the useful infra-red spectrum (covering 3000-400 ст! or lower), 
nonetheless it has some potential as an infra-red source, as we illustrate in 
the following paragraphs, 

Most organic materials, especially when in solution, have fairly broad 
infra-red absorptions, with a bandwidth of some 5-20 cm~!; in this respect 
a source with discrete lines spaced at only 2 стт! is essentially continuous, 
in the sense that there is little loss of spectral information between the lines. 
Equally, many such molecules do have useful diagnostic absorptions in the 
900-1100 cm"! region. So spectra obtained with a CO, laser, although 
perhaps looking slightly different from those obtained with a normal 
source, may well have useful ‘fingerprinting’ possibilities, 

Further the laser radiation is very intense—in fact, since its main indus- 
trial use is in cutting and welding materials, an unmodified CO, laser tends 
to melt the spectrometer. Once its intensity has been reduced so that it is 
‘only’ some 10° to 105 times Stronger than a normal infra-red source, 
however, it proves ideally suited to applications such as monitoring air 
pollution. Here one is looking for parts-per-million quantities of pollutants, 
and the best method is to shine the infra-red beam through a very long path 
of the material. Clearly an intense beam that does not diverge over a large 
distance is exactly what is required. 

Finally, quantitative measurements of materials are most accurately 
obtained by using monochromatic radiation, and in this respect one of the 
emission lines from the CO, laser, selected by the use of a normal disper- 


sion grating, is ideal, and potentially very useful for continuous monitoring 
of production materials. 
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PROBLEMS 


(Useful constants: h = 6:626 x 10734 J s; с = 2:998 x 10° m 57!; N 26023 x 10? mol^'; 
vn 1381 х 10-23 J K-!; 4n? = 39-478; 1 cm! & 11.958 J mol '; atomic masses: 
^N = 2325 x 10727 kg; О = 26:56 х 1072? kg) 

31 The fundamental and first overtone transitions of 14N160 аге centred at 1876-06 са”! 
and 3724-20 ста” respectively. Evaluate the equilibrium vibration frequency, the anharmoni- 
city, the exact zero point energy, and the, force constant of the molecule. Assuming that in Eq. 
(3.12) v is a continuous variable, use calculus to determine the maximum value of £, and 
hence calculate a value for the dissociation energy of NO. Criticize this method. 

32 The vibrational wavenumbers of the following molecules in their v = 0 states ares Her: 
2885 ст"; DCI: 1990 cm-t; Dy: 2990 cm-t; and HD: 3627 cm”, Calculate the energy 
change, in kJ тої"! of the reaction 


HCI + D, DCI + HD 


and determine whether energy is liberated or absorbed. 

Hint: Consider the zero point energies of the four molecules concerned. ак 
33 The equilibrium vibration frequency of the iodine molecule 12 is 215 em m е 
anharmonicity constant x is 0-003; what, at 300 K, is the intensity of the ‘hot ban 
(0 = 1— v = 2 transition) relative to that of the fundamental (р = 079 = in GL 
34 An infra-red spectrum of OCS is obtained in which the rotational fine structure 15 no 


à ch 
resolved. Using data from Table 2.2, calculate the separation between the P and R bran 


Maxima at T = 300 K. 

35 How many normal modes of vibration are possible for (a) HBr, (b) 
(bent), and (4) C,H, 

36 Estimate, using data from Table 3.4, the vibrational wave-n 
p=2,C= 12,0 = 16,8 = 32) 


OCS (linear), (c) 50: 
umber of (a) — OD, 


b) E 
^ 7E—$S— . (Relative atomic masses are: H=1, 


CHAPTER 


FOUR 
RAMAN SPECTROSCOPY 


4.1 INTRODUCTION 


When a beam of light is passed through a transparent substance, a small 
amount of the radiation energy is Scattered, the scattering persisting even if 
all dust particles or other extraneous matter are rigorously excluded from 
the substance. If monochromatic radiation, or radiation of a very narrow 
frequency band, is used the scattered energy will consist almost entirely of 
radiation of the incident frequency (the so-called Rayleigh scattering) but, in 
addition, certain discrete frequencies above and below that of the incident 
beam will be scattered; it is this which is referred to as Raman scattering. 


4.1.1 Quantum Theory of Raman Effect 


The occurrence of Raman scattering may be most easily understood: in 
terms of the quantum theory of radiation; This treats radiation of frequency 
v as consisting of a stream of particles (called photons) having energy hv 
where h is Planck’s constant. Photons can be imagined to undergo colli- 
sions with molecules and, if the collision is perfectly elastic, they will be 
deflected unchanged. A detector placed to collect energy at right angles to 
an incident beam will thus receive photons of energy hy, that is, radiation of 
frequency v. | 
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However, it may happen that energy is exchanged between photon and 
molecule during the collision: such collisions are called ‘inelastic’. The mol- 
ecule can gain or lose amounts of energy only in accordance with the 
quantal laws; i.e., its energy change, AE joules, must be the difference in 
energy between two of its allowed states. That is to say, AE must represent 
a change in the vibrational and/or rotational energy of the molecule. If the 
molecule gains energy AE, the photon will be scattered with energy hv — AE 
and the equivalent radiation will have a frequency v — AE/h. Conversely if 
the molecule loses energy AE, the scattered frequency will be v + AE/h. 

Radiation scattered with a frequency lower than that of the incident 
beam is referred to as Stokes’ radiation, while that at higher frequency is 
called anti-Stokes’. Since the former is accompanied by an increase in mol- 
ecular energy (which can always occur, subject to certain selection rules) 
while the latter involves a decrease (which can only occur if the molecule is 
originally in an excited vibrational or rotational state), Stokes’ radiation is 
generally more intense than anti-Stokes’. Overall, however, the total radi- 
ation scattered at any but the incident frequency is extremely small, and 
sensitive apparatus is needed for its Study. 


4.1.2 Classical Theory of the Raman Effect; Molecular Polarizability 


The classical theory of the Raman effect, while not wholly adequate, is 
worth consideration since it leads to an understanding of a concept basic to 
this form of spectroscopy—the polarizability of a molecule. When a mol- 
Sale is put into a static electric field it suffers some distortion, the posi- 
tively charged nuclei being attracted towards the negative pole of the field, 
the electrons to the positive pole. This separation of charge centres causes 
an induced electric dipole moment to be set up in the molecule and the 
molecule is said to be polarized. The size of the induced dipole, p, depends 
both on the magnitude of the applied field, E, and on the ease with which 
the molecule can be distorted. We may write 
E (4.1) 
Where « is the polarizability of the molecule. i 
Consider first a diatomic molecule, such as Hz, shown at Fig. 410). 


The polarizability is anisotropic, i.e, the electrons forming the bond are 


More easily di i lied along the bond axis than 
y displaced by an electric field applie for exam- 


Опе across this direction: this may be confirmed experimentally, 


ple by a study of the absolute intensity of lines in the Raman spectrum, 


When it is found that the induced dipole moment for à given field applied 


along the axis ; А à induced by the same 
axis i large as that ingui г 
s approximately twice as larg dice inté rmediate 


eld applied a » { irecti in 

cross the axis; fields in other directions 1 ; аан 

ы Moments. We can represent the polarizability vm ae iR 
st Conveniently by drawing a polarizability ellipsoid, as 1n ig. 4.100), 
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(a) H——— —H qw 


H 


(b) 


Figure 4.1 The hydrogen molecule and its polarizability ellipsoid seen from two directions at 


right angles. 


where the ellipsoid is a three-dimensional surface whose distance from the 
electrical centre of the molecule (here the centre of gravity also) is pro- 
portional to 1/ fa. where o; is the polarizability along the line joining 
point i on the ellipsoid with the electrical centre. Thus where the polariza- 
bility is greatest the axis of the ellipsoid is least, and vice versa. (This 
representation is chosen because of an analogy with the momentum of a 
body—the momental ellipsoid is defined similarly using 1/./T,, where I; is 
the moment of inertia about an axis i.) 

Since the polarizability of a diatomic molecule is the same for all direc- 
tions at right angles to the bond axis, the ellipsoid has a circular cross- 
section in this direction; thus it is shaped rather like a tangerine. All 
diatomic molecules, for example CO, НСІ, and linear polyatomic molecules, 
for example CO,, HC=CH, etc., having ellipsoids of the same general 
shape, differing only in the relative sizes of their major and minor axes. 

When a sample of such molecules is subjected to a beam of radiation of 


frequency v the electric field experienced by each molecule varies according 
to the equation (cf. Eq. (1.1)): 


E = E, sin 2nvt (42) 
and thus the induced dipole also undergoes oscillations of frequency v: 
и = XE = aE, sin 2nvt (43) 


Such an oscillating dipole emits radiation of its own oscillation frequency 
and we have immediately in Eq. (4.3) the classical explanation of Rayleigh 
scattering. 

If, in addition, the molecule undergoes some internal motion, such aS 
vibration or rotation, which changes the polarizability periodically, then the 
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oscillating dipole will have superimposed upon it the vibrational or rota- 
tional oscillation. Consider, for example, a vibration of frequency уь. which 
changes the polarizability: we can write 


х = Qo + В sin 2nv, i,t (4.4) 


where а, is the equilibrium polarizability and f represents the rate of 
change of polarizability with the vibration. Then we have: 


и = XE = (х0 + В sin 2nWyip.t)Eo sin 2zvt 
or, expanding and using the trigonometric relation, 
sin A sin B = {cos (A — B) — cos (A + B)} 
we have 
Ji = a Eo sin 2nvt + 4BEo{cos 2n(v — уль) — cos 2n(v + Vyip Jt} (4.5) 


and thus the oscillating dipole has frequency components v + vy, às well as 
the exciting frequency v. 

It should be carefully noted, however, that if the vibration does not 
alter the polarizability of the molecule (and we shall later give examples of 
such vibrations) then f = 0 and the dipole oscillates only át the feque 
of the incident radiation; the same is true of a rotation. Thus we have the 
general rule: 


In order to be Raman active a molecular rotation or vibration must 
cause some change in a component of the molecular polarizability. A 
change in polarizability is, of course, reflected by а change in either the 
magnitude or the direction of the polarizability ellipsoid. 


(This rule should be contrasted with that for infra-red and microwave activ- 
ity, which is that the molecular motion must produce a change in the 
electric dipole of the molecule.) oe 

Let us now consider briefly the shapes of the polarizability ellipsoids of 
ү complicated molecules, taking first the bent triatomic molecule H,O 
E at Fig. 4.2(a). By analogy with the discussion for H; given а 
on t expect the polarizability surface to be composed of two sim! ar : Р 

ids, one for each bond. While this may be correct їп minute detail, w 

Must remember that the oscillating electric field which we wish to apply m 
C Spectroscopy is usually that of radiation in the visible or aone ^ 
E Le., having a wavelength of some 1 um-10 nm (cf. Fig. Е ca s 
Es on the other hand, have dimensions of only some а io ©, 
Polari expect our radiation to probe the finer detai n io 
ы ity even the hardest of X-rays can scarcely do that. d n 
thro ion can only sense the average polarizability 10 various ed 
ugh the molecule, and the polarizability ellipsoid, it may be shown, 
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(a) P he TQ ve 


H—'0 =— H 


(b) 


Figure 4.2 The water molecule and its 


pola; inal 
l rizability ellipsoid seen along the three coordinate 
axes. 


always a true elli 


sibly circular). In the particular case of НО the polarizability is found to be 
different along a z les to 
the line in the molecular plane bisecting the HOH angle, at right angles Е 
this іп the plane, and perpendicularly to the plane), and so all three of t 3 
ellipsoidal axes are also different; the ellipsoid is sketched in various orien 
tations in Fig. 4, 
similarly shaped ellipsoids but with differ 


Symmetric top molecules, because of their axial symmetry, have 
polarizability ell 


5 rather similar to those of linear molecules, i.e., EU 
n at right angles to their axis of symmetry. It shou 
at sections in other planes are truly elliptical. For à 
oform, CHCI, (Fig. 4.3(a)), where the chlorine atoms 
áre bulky, the usua] t is to draw the polarizability surface as egg 
chlorine-containing end. This is not correct; the 
polarizability ellipsoid rm is shown at Fig. 4.3(b) where it wil ү 
i is greater across the symmetry axis, the 
this direction. Similar molecules are, for 
3» etc. (although the latter fortuitously has а vit- 
tually spherica] ‘ellipsoid’) 

Finally, Spherical to. 
spherical Polarizability s 
incident radiation is 

We are now in a Position to discuss in detail the Raman spectra " 
Various types of molecule, Since we shall be dealing with rotational d 
vibrational changes itis eue thar expressions for the energy levels an 


Р molecules, such as CH,, CCI,, ЅЇН,, etc, have 


n У d as 
urfaces, since they are completely isotropic as far 
Concerned, 


RAMAN SPECTROSCOPY 129 


B d 


aH 


с 
Хә 
Es Z Cl 


(a) 
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Figure 43 The chloroform molecule, CHCl; , and its polarizability ellipsoid from across and 
along the symmetry axis. 


for many of the allowed transitions will be identical with those n 
discussed in the previous two chapters. For clarity we shall Acces LG 
expressions but not rederive them, being content to give à че 


where their derivation may be found. 


42 PURE ROTATIONAL RAMAN SPECTRA 


42.1 Linear Molecules 


ed (cf. 
The rotational energy levels of linear molecules have already been stat ( 


Eq. (2.24)): 


“gy = BJU + 1) - DIAG Иа Оо 2,..) 
ements does not 


but, in Raman spectroscopy, the precision ac en the centrifugal 
Normally warrant the retention of the term involving ^^ 
distortion constant. Thus we take the simpler expression : 


(4.6) 
e, = BJU + 1) em! 29,52.) 
to represent the ener 
d gy levels. - 2: 
Transitions between these levels follow the formal selection ru aa 


AJ = 0, or + 2 only 
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which is to be contrasted with the corresponding selection rule for micro- 
wave spectroscopy, AJ = + 1, given in Eq. (2.17). The fact that in Raman 
work the rotational quantum number changes by two units rather than one 
is connected with the symmetry of the polarizability ellipsoid. For a linear 
molecule, such as is depicted in Fig. 4.1, it is evident that during end-over- 
end rotation the ellipsoid presents the same appearance to an observer 
twice in every complete rotation. It is equally clear that rotation about the 
bond axis produces no change in polarizability, hence, as in infra-red and 
microwave spectroscopy, we need concern ourselves only with end-over-end 
rotations. 

If, following the usual practice, we define AJ as Blaue = Y lower tia 
then we can ignore the selection rule AJ = —2 since, for a pure rotational 
change, the upper state quantum number must necessarily be greater than 
that in the lower state. Further the ‘transition’ AJ = 0 is trivial since this 
represents no change in the molecular energy and hence Rayleigh scattering 
only. 

Combining, then, AJ = +2 with the energy levels of Eq. (4.6) we have: 


Ae = гк уу = bray 


= B(4J + 6) стг! (4.8) 


Since AJ = +2, we may label these lines S branch lines (cf. Sec. 3.2) and 
write 


Acs = BAJ + 6) cn! = (J = 0,1, 2,...) (4.9) 


where J is the rotational quantum number in the lower state. 

Thus if the molecule gains rotational energy from the photon during 
collision we have a series of S branch lines to the low wavenumber side of 
the exciting line (Stokes’ lines), while if the molecule loses energy to the 
photon the S branch lines appear on the high wavenumiber side (anti- 


Stokes’ lines). The wavenumbers of the corresponding spectral lines are 
given by: 


Уз = Vex. + Aes = V, + B(4J + 6) cm! (4.10) 


where the plus sign refers to anti-Stokes’ lines, the minus to Stokes’, and V. 
is the wavenumber of the exciting radiation. 

The allowed transitions and the Raman Spectrum arising are shown 
schematically in Fig. 4.4. Each transition is labelled according to its lower J 
value and the relative intensities of the lines are indicated assuming that the 
population of the various energy levels varies according to Eq. (2.21) and 
Fig. 2.7. In particular it.should be noted here that Stokes’ and anti-Stokes’ 
lines have comparable intensity because many rotational levels are popu- 


lated and hence downward transitions are approximately as likely as 
upward ones. 
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Figure 4.4 The rotational energy levels of a diatomic molecule and hr ms hen 
Spectrum arising from transitions between them. Special lines are numbered according 

lower J values, 


When the value J = 0 is inserted into Eq. (4.10) it p yea Oren 
that the separation of the first line from the exciting line 5 E ái "i 
the separation between successive lines is 4B cm‘. For diatomic prd 
triatomic molecules the rotational Raman spectrum will normally be a 
Solved and we can immediately obtain a value of B, and hence the ет 
of inertia and bond lengths for such molecules. If we recall that E 
nuclear diatomic molecules (for example, O;, Н) give no на do 
Microwave spectra since they possess no dipole moment, whereas j ч i 
give a rotational Raman spectra, we see that the Raman eue d It is 
Structural data unobtainable from the techniques репо ez ru 
thus complementary to microwave and infra-red studies, not merely с 
matory, 

Bon be mentioned that, if the molecule has a centre of de 
(as, for example, do H}, O;, CO,), then the effects of SO fis ie 
Observed in the Raman as in the infra-red. Thus for О; шо: 
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spin of oxygen is zero) every alternate rotational level is absent; for exam- 
ple, in the case of O;, every level with even J values is missing, and thus 
every transition labelled J = 0, 2, 4, ... in Fig. 4.4 is also completely missing 
from the spectrum. In the case of H,, and other molecules composed of 
nuclei with non-zero spin, the spectral lines show an alternation of intensity. 

Linear molecules with more than three heavy atoms have large mo- 
ments of inertia and their rotational fine structure is often unresolved in the 
Raman spectrum. Direct structural information is not, therefore, obtainable, 
but we shall see shortly that, taken in conjunction with the infra-red spec- 
trum, the Raman can still yield much very useful information. 


4.2.2 Symmetric Top Molecules 


The polarizability ellipsoid for a typical symmetric top molecule, for exam- 
ple, CHCl,, was shown in Fig. 4.3(b). Plainly rotation about the top axis 


produces no change in the polarizability, but end-over-end rotations will 
produce such a change. 


From Eq. (2.38) we have the energy levels: 
ёк = BJ(J + 1) + (4 — BK? cm^! 
(/—01,2,..;K—--J, t(—1,..) (410 
The selection rules for Raman Spectra are: 
AK =0 


AJ=0,+1,+2 (except for К = 0 states | (4.12) 
when AJ = + 2 only) 


K, it will be remembered, is the rotational quantum number for axial 
rotation, so the selection rule AK = 0 implies that changes in the angular 
momentum about the top axis will not give rise to a Raman spectrum— 
such rotations are, as mentioned previously, Raman inactive. The 
restriction of AJ to + 2 for К = 0 states means effectively that AJ cannot 
be + 1 for transitions involving the ground state (J = 0) since К = + J, 
BE (J — 1),..., 0. Thus for all J values other than zero, K also may be 
different from zero and AJ = + 1 transitions are allowed. 


Restricting ourselves, as before, to positive AJ-we have the two cases: 
1. AJ = +1 (К branch lines) 
Дер = êp -3+1 — Epi, 


-2BJ*Ü)em^" (J =1,2,3,... (but J #0) (4.134) 
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тә 
> 
с 
11 


+2 (5 branch lines) 
Aës = ё&р=у+2 — Ss" =J 


В(4Ј + 6cm ! (J =0, 1, 2,...). (4.13b) 


І 


Thus we shall have two series of lines іп the Raman spectrum: 


а = ы. + Ate = Voy, E 2BU 1) сози  J=1 2) А 
Is = Voy, + Aes = Vey, + BAS + б)ст у (J=0,1,2,.:) wh 


І 


These series are sketched separately in Fig. 4.5(a) and (Б), where each line is 
labelléd with its corresponding lower J value. In the R branch, lines appear 


(a) R branch 


16 14 12 10987654321 fy, 12345678910 12 14 16 


(b) $ branch 


Вет 6 54 3 2 139 Va. 70 1573 930 4 ОЕ 


(c) Complete spectrum 


RRRRRRRRRRRKRRRR ©, RRRRRRRRRRRRRRRR 

Beas. Ss sss 55555555 5 
i h 
Penh 45 Rotational Raman spectrum of a symmetric top molecule. The R i i Ceca 
Bes are shown separately in (a) and (b) respectively, with the total spectrum Ih c 
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at 4B, 6B, 8B, 10B, ... cm~ ' from the exciting line, while the S branch series 
occurs at 6B, 10B, 14B, ... cm" '. The complete spectrum, shown at Fig. 
4.5(с) illustrates how every alternate К line is overlapped by ап S line. Thus 
a marked intensity alternation is to be expected which, it should be noted, is 
not connected with nuclear spin statistics. 


4.2.3 Spherical Top Molecules; Asymmetric Top Molecules 


Examples of spherical top molecules are those with tetrahedral symmetry 
such as methane, CH, , or silane, SiH,. The polarizability ellipsoid for such 
molecules is a spherical surface and it is evident that rotation of this ellip- 
soid will produce no change in polarizability. Therefore the pure rotations 
of spherical top molecules are completely inactive in the Raman. 

Normally all rotations of asymmetric top molecules, on the other hand, 
are Raman active. Their Raman spectra are thus quite complicated and will 
not be dealt with in detail here; it suffices to say that, as in the microwave 
region, the spectra may often be interpreted by considering the molecule as 
intermediate between the oblate and prolate types of symmetric top. 
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4.3.1 Raman Activity of Vibrations 


If a molecule has little or no symmetry it is a very straightforward matter to 
decide whether its vibrational modes will be Raman active or inactive: in 
fact, it is usually correct to assume that all its modes are Raman active. But 
When the molecule has considerable symmetry it is not always easy to make 
the decision, since it is sometimes not clear, without detailed consideration, 
whether or not the polarizability changes during the vibration. 

We consider first the simple asymmetric top molecule H,O whose 
polarizability ellipsoid was shown in Fig. 42. In Fig. 4.6 we illustrate at (a). 
(b), and (c) respectively the three fundamental modes v 1» V2, and уз, sketch- 
ing for each mode the equilibrium configuration in the centre with the 
extreme positions to right and left. The approximate shapes of the corre- 
sponding polarizability ellipsoids are also shown. 

During the symmetric stretch, in (a), the molecule as a whole increases 
and decreases in size; now When a bond is stretched, the electrons forming 
it are less firmly held by the nuclei and so the bond becomes more polariz- 
able. Thus the polarizability ellipsoid of H 20 may be expected to decrease 
in size while the bonds stretch, and to increase while they compress, but to 
mon an approximately constant shape. On the other hand while under- 
going the bending motion, in (Б), it is the shape of the ellipsoid which 
changes most; thus if we imagine vibrations of very large amplitude, at one 


b) vz, bending mode 


- o 
u^ M 


uring each of its three vibrational 
the molecule while to right and 


136 FUNDAMENTALS OF MOLECULAR SPECTROSCOPY 


extreme (on the left) the molecule approaches the linear configuration with 
a horizontal axis, while at the other extreme (on the right) it approximates 
to a diatomic molecule (if the two H atoms are almost coincidental) with a 
vertical axis. Finally in (c) we have the asymmetric stretching motion, уз, 
where both the size and shape remain approximately constant, but the 
direction of the major axis (shown dashed) changes markedly. Thus all three 
vibrations involve obvious changes in at least one aspect of the polarizabil- 
ity ellipsoid, and all are Raman active. 


0 ——C ——0 o — cC — o 0—C—O 


(а) vi, symmetric stretching mode 


o—c—o 


(b) vz, bending mode 


p See) 0=¢-——*o 


(c) Уз, asymmetric stretching mode 


Fi 47 izabi no EN 
Port The shape of the polarizability ellipsoid of the carbon dioxide molecule during its 
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Now consider the linear triatomic molecule СО», whose three funda- 
mental vibrational modes have been shown in Fig. 3.11; in Fig. 4.7 we 
illustrate the extreme and equilibrium configurations of the molecule and 
their approximate polarizability ellipsoids. The question of the Raman 
behaviour of the symmetric stretching mode, уу, is easily decided—during 
the motion the molecule changes size, and so there is a corresponding 
fluctuation in the size of the ellipsoid; the motion is thus Raman active. It 
might be thought that the уз апа v, vibrations аге also Raman active, 
because the molecule changes shape during each vibration and hence, pre- 
sumably, so does the ellipsoid; however, both these modes are observed to 
be Raman inactive. We must, then, consider this example rather more care- 
fully. 

To do this it is usual to discuss the change of polarizability with some 
displacement coordinate, normally given the symbol č; thus for a stretching 
motion, č is a measure of the extension (positive ¢) or compression (negative 
é) of the bond under consideration; while for a bending mode, ё measures 
the displacement of the bond angle from its equilibrium value, positive and 
negative ё referring to opposite displacement directions. ; 

Consider, as an example, the v, stretch of carbon dioxide sketched in 
Fig. 4.7(a). If the equilibrium value of the polarizability is to (centre picture) . 
then, when the bonds stretch (¢ positive), х increases (remember that the 
extent of the ellipsoid measures the reciprocal of a), while when the bonds 
contract (negative č) х decreases. Thus we can sketch the variation of х with 
č as in Fig. 4.8(a). The details of the curve are not important since we are 
concerned only with small displacements; it is plain that near the equi- 
librium position (£ — 0) the curve has a distinct slope, that is da/dé # 0 at 
& = 0. Thus for small displacements the motion produces a change in 
polarizability and is therefore Raman active. 


Xo 


0 6 


la) v, (уу, (с) Уз 


i А inate, & during 
Figure 48 The variation of the polarizability, а, with the displacement coordinate, ё 


the А ды 
three vibrational modes of the carbon dioxide molecule. 


138 FUNDAMENTALS OF MOLECULAR SPECTROSCOPY 


If we now consider the situation for v,, the bending motion of Fig. 
4.7(b), we can count a downwards displacement of the oxygen atoms as 
negative ¢ and an upwards displacement as positive. Although it is not clear 
from the diagrams whether the motion causes an increase or a decrease in 
polarizability (actually it is an increase) it is plain that the change is exactly 
the same for both positive and negative č. Thus we can plot х against č as 
in Fig. 4.8(b) with, as before, x = xy at č = 0. Now for small displacements 
we evidently have dz/dé = 0 and hence fot small displacements there is 
effectively no change in the polarizability and the motion is Raman inactive. 

Exactly the same argument applies to the asymmetric stretch, v3, 
shown at Fig. 4.7(с). Here the polarizability decreases equally for positive 
and negative č, so the plot of polarizability against č has the appearance of 
Fig. 4.8(c). Again da/dé = 0 for small displacements and the motion is 
Raman inactive. 

We could have followed the same reasoning for the three vibrations of 
water discussed previously. In each case we would have discovered that the 
% versus č curve has the general shape of Fig. 4.8(a) or its mirror image; in 
other words, in each case 40/4 #0 and the motion is Raman active. In 
general, however, the slopes of the three curves would be different at 2 = 0, 
that is, da/dé would have different-values. Since we have seen that the 
Raman spectrum is forbidden for da/d£ = 0 but allowed for da/dé + 0 we 
can imagine that the ‘degree of allowedness’ varies with da/dé. Thus if the 
polarizability curve has a large slope at €=0 the Raman line will be 
Strong; if the slope is small it will be weak; and if zero, not allowed at all. 
From this stems the following very useful general rule: 


symmetric vibrations give rise to intense Raman lines; non-symmetric 
ones are usually weak and sometimes unobservable. 


_ In particular, a bending motion usually yields only a very weak Raman 
line; for example the у, motion of H,O (Fig. 3.6(b)), although allowed in the 
Raman, has not been observed, nor has Уз, for which 40/4 is also small. 


4.3.2 Rule of Mutual Exclusion 


A further extremely important general rule has been established whose 


operation may be exemplified by carbon dioxide. We can summarize our 
conclusions about the Raman and infra- 
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Table 4.1 Raman and infra-red activities of 


carbon dioxide 

Mode of vibration of CO; Raman Infra-red 
y: symmetric stretch Active Inactive 
vz: bend Inactive Active 
yy: asymmetric stretch Inactive Active 


Rule of mutual exclusion. If a molecule has a centre of symmetry then 
Raman active vibrations are infra-red inactive, and vice versa. If there is 
no centre of symmetry then some (but not necessarily all) vibrations 
may be both Raman and infra-red active. 


The converse of this rule is also true, i.e., the observance of Raman and 
infra-red spectra showing no common lines implies that the molecule has а 
centre of symmetry; but here caution is necessary since, as we have already 
seen, a vibration may be Raman active but too weak to be observed. 
However, if some vibrations are observed to give coincident Raman and 
infra-red absorptions it is certain that the molecule has no centre of sym- 
metry. Thus extremely valuable structural information is obtainable by 
comparison of the Raman and infra-red spectra of a substance; We shall 
show examples of this in Sec. 4.5. 


43.3 Overtone and Combination Vibrations 


Without detailed consideration of the symmetry of a molecule and of its 
Various modes of vibration, it is no easy matter to predict the activity, either 
in Raman or infra-red, of its overtone and combination modes. The nature 
of the problem can be seen by considering Y; and v; of carbon dioxide: the 
former is Raman active only, the latter infra-red active. What, then, of the 
activity of v, + v,? In fact it is only infra-red active, but this 1s not at all 
obvious merely from considering the dipole or polarizability changes during 
the motions, Again, when discussing Fermi resonance (Sec. 3.52) we chose 
as an example the resonance of v, and 2v, of.carbon dioxide in the Raman 
effect. Thus 2v, is Raman active although the fundamental vz 15 only infra- 
ted active, j 

We shall not attempt here to discuss this matter further, being conte 
to leave the reader with a warning that the activity oF inactivity © E 
fundamental in a particular type of spectroscopy does not necessarily Wei 
Corresponding behaviour of its overtones OF combinations, partielles ^ 
the molecule has considerable symmetry. A more detailed teen am 
е found in Herzberg’s book I nfra-red and Raman Spectra and others 


tioned in the bibliography. 
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4.3.4 Vibrational Raman Spectra 


The structure of vibrational Raman spectra is easily discussed. For every 
vibrational mode we can write an expression of the form: 


в = Gv + 3) — o, x (v + 4)? стт! (0= 0, 1, 2, ...) (4.15) 


where, as before (cf. Eq. (3.12)), Õe is the equilibrium vibrational frequency 
expressed in wavenumbers and x, is the anharmonicity constant. Such an 
expression is perfectly general, whatever the shape of the molecule or the 
nature of the vibration. Quite general, too, is the selection rule: 


Av=0, t1, +2,... (4.16) 


which is the same for Raman as for infra-red spectroscopy, the probability 
of Av= +2, +3,... decreasing rapidly. 

Particularizing, now, to Raman active modes, we can apply the selec- 
tion rule (4.16) to the energy level expression (4.15) and obtain the tran- 
sition energies (cf. Eq. (3.15)): 


D=0->0= 1: Де, ања = O(1—2x) стг! | 
DU tee At = 2 (l= 3x) cm! ^ (4.17) 
v=1+>v=2: Ag,,, = @ {1 — 4х,), стг! ete, | 


Since the Raman scattered light is, in any case, of low intensity we can 
ignore completely all the weaker effects such as overtones and ‘hot’ bands, 
and restrict our discussion merely to the fundamentals. This is not to say 
that active overtones and hot bands cannot be observed, but they add little 
to the discussion here. 

We would expect Raman lines to appear at distances from the exciting 


line corresponding to each active fundamental vibration. In other words we 
can write: 


Vrundamental 


ES ag E PEtandamentsi cm ~ : (4.18) 


Where the minus sign represents the Stokes’ lines (ie., for which the molecu- 
le has gained energy at the expense of the radiation) and the plus sign refers 
to the anti-Stokes' lines. The latter are often too weak to be observed, since 


as we saw earlier (cf. p. 79) very few of the molecules exist in the v = 1 state 
at normal temperatures. 


The vibrational Raman 
simple. It will show a series of 
side of the exciting line with 


frequencies of the molecule. 


As an example we illustrate the Raman spectrum of chloroform, CHCl, 
а symmetric top molecule (Fig, 49(a)). The exciting line in this case is the 


2 


(cwnajgads ummy 2040 211 BuiuiD1qo и} 22и0151550 aof 
»muaitjoq voug əy Jo áapy ^4q 01 anp 240 syuvy 1.) pueq у шо DOTI Buons K194 эці JO әчомәло UL SI po1-eajut эц1 
ur, ul фор 110099 18 uondaosqe yeaa au L `r- шо 0007 1° әЗиецо әүеэ$ в si әләц1 v122ds poq щі 'spueq jo eouapiouroo 
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very intense mercury line at 4358-3 A, and a wavenumber scale is drawn 
from this line as zero. Raman lines appear at 262, 366, 668, 761, 1216, and 
3019 cm ^ ' on the low-frequency (Stokes’) side of the exciting line while the 
line at 262 cm * on the high-frequency (anti-Stokes’) side is included for a 
comparison of its intensity. 

For comparison also we show at Fig. 4.9(b) the infra-red spectrum of 
the same molecule. The range of the instrument used precluded measure- 
ments below 600 стг! but we see clearly that strong (and hence 
fundamental) lines appear in the spectrum at wavenumbers corresponding 
very precisely with those of lines in the Raman spectrum. 

For this molecule, containing five atoms, nine fundamental vibrations 
(that is, 3N — 6) are to be expected. The molecule has considerable sym- 
metry, however, and three of these vibrations are doubly degenerate (see 
Herzberg: Infra-Red and Raman Spectra for details) leaving six different 
fundamental absorptions; we see that these are all active in both the infra- 
red and Raman. The immediate conclusion, not at all surprisingly, is that 
the molecule has no centre of symmetry. 


4.3.5 Rotational Fine Structure 


We need not consider in detail the rotational fine structure of Raman 
spectra in general, if only because such fine structure is rarely resolved, 
except in the case of diatomic molecules. For the latter we can write the 
vibration-rotation energy levels (cf. Eq. (3.18)) as: 


Es, o = Ov + 3) — o, x (v + $)? + BJU + 1) стт! 
(0011/21. 7 —0,1,2,..) (4.19) 


where we write v, for @,(1 — 2x,) and use the subscripts O, Q, and S to refer 


to the O branch lines (AJ = —2), Q branch lines (AJ — 0), and S branch 
lines (AJ = +2), respectively. 


AJ = 0: A25 ga! (for all J) (4.20) 
AJ= +2: Aes=¥,+B4J+6) (J =0,1,2,...) (421) 
ГАЛЕ 2: Ap 4 —B4J-6  02234.)|] 


Where we write ¥, for G1 — 2x.) and use the subscripts O, Q, and S to refer 


to the О branch lines (AJ = —2), О branch lines (AJ = 0), and 5 branch 
lines (AJ = +2), respectively. 


Stokes' lines (i.e., lines to low fre 


quency of the exciting radiation) will 
occur at wavenumbers given by: i 3 


Vg =V Аво = уш V сш! (for all J) 
97 Vex. — Ао = Ve, 0 + BOAT + 6) em! ({ ж 2;3,4, ...) 


Vex. — Ag = Pex, — 9, — B(4J 96587 — (J =0; 1, 2,...). 
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(ex, 7 99) 


ње 
<< Vo 


Rotation-vibration Pure rotation 


Figure 4.10 The pure rotation and the rotation-vibration spectrum of а diatomic molecule 
having a fundamental vibration frequency of s, em’. Stokes’ lines only are shown. 


The spectrum arising is sketched in Fig. 4.10 where, for completeness, the 
pure rotation lines in the immediate vicinity of the exciting line are also 
shown. The presence of the strong О branch in the Raman spectrum is to be 
noted and compared with the P and R branches only which occur for a 
diatomic molecule in the infra-red (cf. the spectrum of carbon monoxide in 
Fig. 3.7). The analysis of the О and $ branches in the Raman spectrum to 
give a value for B and hence for the moment of inertia and bond length is 
straightforward. 

Much weaker anti-Stokes’ lines will occur at the same distance from, 
but to high frequency of, the exciting line. : 

The resolution of Raman spectra is not sufficient to warrant the ie 
clusion of finer details such as centrifugal distortion OF the breakdown 
= Born-Oppenheimer approximation which were discussed in Chapter 
Or the corresponding infra-red spectra. 

For E Rol we cu dd fact, ignore the rotational fine RA 
altogether since it is not resolved. Even the О and $ (or О, Р, К, and à 
band contours are seldom observed since they att very weak compare 
wath the Q branch. Thus, while the infra-red spectrum of chloroform, ia 
in Fig. 4.9(b) shows distinct PR or PQR structure on some pug um 

aman spectrum, with the possible exception of the band at 760 cm , 
Shows only the strong Q branches. While some information is den Rd 
Raman spectra because of this, it does represent à considerable simp 


à 
lon of the overall appearance of such spectra. 
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Table 4.2 Some molecular data determined by Raman 


Spectroscopy 
Bond length Vibration 
Molecule (пт) (стт!) 
H, 0-074 13 + 0-000 01 4395.2 
№, 0-109 76 + 0-00001 2359-6 
Е, 0.1418 +0-0001 802-1 
cs, 0.1553 +0-0005 656-6 (symmetrical stretch) 


CH, 031094 + 0-0001 2914-2 (symmetrical stretch) 
———M— E em 


In Table 42 we collect together some of the information on bond 
lengths and vibration frequencies which have been obtained from 
vibrational-rotational Raman spectra. In the case of CS, and CH, the 
symmetrical stretching modes only are given since the wavenumbers of the 
other modes are determined from infra-red techniques. 


4.4 POLARIZATION OF LIGHT AND THE RAMAN 
EFFECT 


4.4.1 The Nature of Polarized Light 


It is well known that when a beam of light is passed through a Nicol prism 
or a piece of crystal filter (e.g, polaroid) the only light passing has its 
electric (or magnetic) vector confined to a particular plane; it is plane 
polarized light. Although superficially this light is indistinguishable from 
ordinary (or unpolarized) light, it has a very important property which can 
be demonstrated by using a second Nicol prism or crystal filter. When 
previously polarized light falls on the second polarizing device (now called 
the 'analyser) it will be passed with undiminished intensity only if the 
polarizing axes of the two prisms or crystal sheets are parallel to each other. 
At any other orientation of these axes the intensity passed will decrease 
until, when the axes are perpendicular, no light at all passes through the 
analyser. Thus the analyser serves both to detect polarized light and to 
determine its plane of polarization. 

If the light incident upon the analyser is only partially polarized—i.e., if 
the majority, but not all, of the rays have their electric vectors parallel to a 
given plane—then the light will not be completely extinguished at any orien- 
tation of the analyser; its intensity will merely go through a minimum when 
the analyser is perpendicular to the plane of maximum polarization. We 
could, then, measure the degree of polarization in terms of the intensity of 
light transmitted parallel and perpendicular to this plane; it is more conve- 
nient, however, to measure the degree of depolarization, p, as: 


р — Ill, (4.22) 
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where J, is the maximum and J, the minimum intensity passed by the 
analyser. Thus for completely plane-polarized light I, = 0 and hence the 
degree of depolarization is zero also; for completely unpolarized (ie., 
ordinary) light, J, = 11 and p = 1. For intermediate degrees of polarization 
plies between 0 and 1. 

The relevance of this to Raman spectroscopy is that lines in some 
Raman spectra are found to be plane-polarized to different extents even 
though the exciting radiation is completely depolarized. The reason for this 
is most easily seen if we consider the vibrations of spherical top molecules. 


442 Vibrations of Spherical Top Molecules 


The tetrahedral molecule methane, CH,, is а good example of a spherical 
top and we can see, from Fig. 4.11, that its polarizability ellipsoid is spher- 
ical. During the vibration known as the symmetric stretch all four C—H 
distances increase and diminish in phase so that the polarizability ellipsoid 
contracts and expands but remains spherical. For this reason the motion is 
often referred to as the ‘breathing frequency’; it is plainly Raman active. 

Let us now consider a beam of unpolarized radiation falling on this 
molecule, and let us designate the direction of this exciting radiation as the 
z axis. Since all diameters ofa sphere are equal the molecule is equally 
polarizable in all directions; hence the induced dipole in the molecule will 
lie along the direction of greatest electric vector in the exciting radiation, 
ie, perpendicular to the direction of propagation. Thus the induced dipole 
will lie in the xy plane whatever the plane of the incident radiation. This 
behaviour is illustrated in Fig. 4.12, where we show an incident beam with 
its electric vector in (a) the vertical (zy) plane and (b) some other plane 
making an angle а with the horizontal. In both cases the induced dipole is 


а the spherical polarizability ellip- 


" 
igure 4.11 The tetrahedral structure of methane, kd 
Soid of the molecule 
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Figure 4.12 To illustrate the plane polarization of Raman scatteri 
vibration (breathing vibration’) of a spherical top molecule, 


ng from the symmetric 


in the xy plane. A 

having all values o. 
To an observer 

incident beam, i.e., 

radiation is confined to the xy pla 


non-polarized incident beam will contain components 


vibration, the induced dipole will be rando 
Raman line will be depolarized. 

Thus we have immediately a method Of assigning some observed 
Raman lines to their appropriate molecular vibrations—in the case of me- 
thane the totally symmetric vibration gives rise to a completely polarized 
Raman line whereas the non-symmetric vibrations give depolarized lines. 
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(a) 


Figure 4.13 An asymmetrical stretching vibration of a spherical top molecule together with 
the polarizability ellipsoid resulting at the extreme of the motion. 


The degree of polarization of spectral lines can be readily estimated by 
noting how the intensity of each line varies when a piece of polaroid or 
other analyser is put into the scattered radiation first with its polarizing axis 
parallel to the xy plane (where z is defined by the direction of the incident 
beam) and secondly perpendicular to this plane. 


4.4.3 Extension to Other Types of Molecule 


Precise calculation, rather than the somewhat pictorial argument used 
above, shows that Raman scattering may be to some extent polarized when 
emitted by molecules with less symmetry than the tetrahedral ones. In 
general it can be stated that a symmetric vibration gives rise to a polarized 
or partially polarized Raman line while a non-symmetric vibration gives a 
depolarized line. Theoretically, if the degree of depolarization, p, is less than 
or equal to $, then the vibration concerned is symmetric and the Raman 
line is described as ‘polarized’, while if p > $ the line is ‘depolarized’ and the 
vibration non-symmetric. If we can speak loosely of molecules with increas- 
ing symmetry—e.g. linear molecules are less symmetric than symmetric 
tops which, in turn, are less symmetric than spherical tops—then the higher 
the molecular symmetry the smaller will be the degree of depolarization of 
the Raman line for a particular type of vibration. _ 

We can see the usefulness of polarization measurements by considering 
a simple ‘example. The molecule nitrous oxide has the formula N,O. 
Knowing nothing about the structure of this molecule we might turn for 
help to its infra-red'and Raman spectra. The strongest lines in these spectra 
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Table 4.3 Infra-red and Raman spectra of nitrous 


oxide 
Ee ee eee 
¥(cm~') Infra-red Raman 
589 Strong; PQR contour — 
1285 Very strong; PR contour Very strong; polarized 
2224 Very strong; PR contour Strong; depolarized 


are collected in Table 4.3 together with their band contours (infra-red) and 
state of polarization (Raman). 

The data tells us immediately that the molecule has no centre of sym- 
metry (Raman and infra-red lines occur at the same wavenumber) and so 
the structure is not N—O—N. The fact that some infra-red bands have PR 


contour indicates that the molecule is linear, however, so ме are led to the 


conclusion that the structure is N—N—O. Such a molecule should have 
3N — 5 = 4 fundamental modes but two of these (the bending modes) will 
be degenerate; all three different fundamental frequencies should be both 
infracred and Raman active but we note that the perpendicular infra-red 
band (plainly to be associated with the bending mode) does not appear in 
the Raman. This accords with expectations—bending modes are often weak 
and even unobservable in the Raman. 

We are left with the assignment of the 1285 and 2224 cm ^! bands to 
the symmetric and asymmetric stretching modes. Both infra-red bands have 
the same PR (parallel) contour, but we note that only the 1285 ст”! is 
Raman polarized. This, then, we assign to the symmetric mode, leaving the 
2224 ст! band as the asymmetric. 

The analysis would not normally rest there. The overtone and combin- 
ation bands would also be studied to ensure that their activities and con- 
tours are in agreement with the molecular model proposed; the fine 
structure of the infra-red bands also supports the structure; and finally 
isotopic substitution leads to changes in vibrational frequencies in excellent 
agreement with the model and assignments. 

In this rather simple case polarization data were hardly essential to the 


analysis, but certainly useful. In more complicated molecules it can give 
very valuable information indeed. 


45 STRUCTURE DETERMINATION FROM RAMAN AND 
INFRA-RED SPECTROSCOPY 


In this section we shall discuss 
Raman and infra-red ѕресігоѕсор 
molecules. The discussion must 
considered (CO, , N,O, SO,; 


some examples of the combined use of 
y to determine the shape of some simple 
necessarily be limited and the molecules 
NO; , CIO; , and CIF) have been chosen to 
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Table 4.4 Infra-red and Raman bands of 


sulphur dioxide 

Wavenumber Infra-red contours Raman 

519 || type band Polarized 
1151 || type band Polarized 
1361 1 type band Depolarized 


illustrate the principles used; extension to other molecular types should be 
obvious. 

Déaling first with the triatomic AB, molecules, the questions to be 
decided are whether each molecule is linear or not and, if linear, whether it 
is symmetrical (B—A—B) or asymmetrical (B—B—A). In the case of 
carbon dioxide and nitrous oxide, both molecules give rise to some infra- 
red bands with PR contours, they must, therefore, be linear. The mutual 
exclusion rule (cf. Sec. 4.3.2) shows that CO, has a centre of symmetry 
(O—C—O) while N;O has not (N—N— O), since only the latter has bands 
common to both its infra-red and Raman spectra. Thus the structures of 
these molecules, are completely determined. 

The infra-red and Raman absorptions ‘of SO, are collected in Table 4.4. 
We see immediately that the molecule has no centre of symmetry, since all 
three fundamentals are both Raman and infra-red active. In the infra-red all 
three bands show very complicated rotational fine structure, and it is evi- 
dent that the molecule is non-linear—no band shows the simple PR struc- 


5 

ture of, say, carbon dioxide. The molecule has, then, the bent d A 
shape. о о 

The AB, type molecules require rather more discussion. In general we 
would expect .3N — 6 = 6 fundamental vibrations for these four-atomic 
molecules. However, if the molecular shape has some symmetry this number 
will be reduced by degeneracy. In particular, for the symmetric planar and 
symmetric pyramidal shapes, one stretching mode and one angle deforma- 
tion mode are each doubly degenerate and so only four different fundamen- 
tal frequencies should be observed. These are sketched in Table 4.5 where 
their various activities and band contours or polarizations are also col- 
lected. Both molecular shapes are in fact symmetric tops with the main 
(threefold) axis passing through atom A perpendicular to the B, plane. It is 
with respect to this axis that the vibrations can be described as || or 1. The 


symmetric modes of vibration are parallel and Raman polarized while the 


asymmetric dicular and de olarized. All the vibrations of the 
are perpendicular ap р he polarizability, 


pyramidal molecule change both the dipole moment and the po i 
hence all аге both infra-red and Raman active. The symmetric stretching 


mode (v,) of the planar molecule, however, leaves the dipole moment un- 


changed (it remains zero throughout) and so is infra-red inactive, while the 
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Table 4.5 Activities of vibrations of planar and pyramidal АВ з molecules 


———————————————————À 


; Activity ч Я : Activity 
Symmetric ‚ (R= Raman, ‘ d · (К = Raman, 
planar I = infra-red) ' Vibration : Pyramidal ' I = infra-red) 
EE лл DU  —————_- 
1 1 ‘ г ' 
B ; R: active (pol.) ‘ vy : А, * R: active (рої) 
A ‘ — Strong ; symmetric; Вв tapa strong 
A “в | I: inactive ; stretch ^ i ‚ I: active || 
Y x 1 З ! 
Ы 1 Н 
p? BST i ; : 1 ; R: active (pol.) 
(XR: $ ; : 
| ' R: inactive Dy io BA. xi act pol. 
Ae ; 1: active || ; out-of-plane EH ЕВ." strong 
ep ) symmetric + B * I: active || 
i ‚ deformation ! H 
(Ф = upwards ! i 1 ! 
© = downwards) : : : : 
estre i à" т 
| } В:асцуе (depol.) | v, | aN | К: active (depol) 
A * weak ~ ; asymmetric : Bp B. + weak 
A T ' I: active L : stretch PEE | I: active L 
lll :l.. coco DO BR ELSE ERST ERR 
1 i : : NL 
ү : R: active (depol.) ; v, i "alg + К: active (depol.) 
+ weak ‘ asymmetric } B.l: weak 
Ne : I: active L : deformation : “7 1 qp active L 
YT : : 


symmetric bending mode does not change the polarizability (cf. the dis- 
cussion of the bending mode of CO, in Sec. 4.3.1) and so v, is Raman 
inactive for planar AB,. 


The overall pattern of the spectra, then, should be as follows: 


Planar AB,: 1 vibration Raman active only (v,) 
1 infra-red active only (v2) 
2 vibrations both Raman and infra-red active (уз, v4). 
Pyramidal AB,: All four vibrations both Raman and infra-red active. 
Non-symmetric AB,: Possibly more than four different fundamental 
frequencies. 


With this pattern in mind ‘уе can consider the spectra of NO; and 
CIO; ions. The ‘Spectroscopic data are summarized in Table 4.6. Without 
considering any assignment of the various absorption bands to particular 
vibrations, we can see immediately that the nitrate ion fits. the expected 
pattern for a planar system, while the chlorate ion is pyramidal. Detailed 
assignments follow by comparison with Table 4.5. Thus for the nitrate ion, 
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Table 4.6 Infra-red and Raman spectra of NO; and CIO; 


Nitrate ion (NO) Chlorate ion (CIO) 
un 1 Lo EE 
Raman Infra-red Raman Infra-red 
(ст!) (стт!) Assignment (ст!) (стт!) Assignment 
Ae ee memos 
690 680 1 va 450 (depol.) 434 L va 
= 830 | v 610 (pol.) 624 || Y; 
1049 у, 940 (depol) · 950 L D 
1355 1350 L Уз . 982 (pol) 994 || Un 


the band which is Raman active only is obviously v, while that which 
appears only in the infra-red is vz. If we make the very reasonable assump- 
tion that stretching frequencies are larger than bending, then the assignment 
of v, and v, is self-evident. This same assumption, coupled with polariza- 
tion and band contour data, gives the assignment shown in the table for the 
chlorate ion. 

Finally we consider the spectroscopic data for CIF,. This is found to 
have no less than six strong (and hence fundamental) infra-red absorptions, 
some of which also occur in the Raman. We know immediately, then, that 
the molecule is neither symmetric planat nor pyramidal. A complete anal- 
ysis is not possible from the Raman and infra-red spectra alone, but the use 
of microwave spectroscopy shows that the molecule is T-shaped with bond 
angles of nearly 90°. 


46 TECHNIQUES AND INSTRUMENTATION 


Raman spectroscopy is essentially emission spectroscopy, and the bulk of 
the instrumentation is simply a typical visible-region spectrometer; the dis- 
tinguishing characteristic of Raman work, of course, is the exciting source. 
The advent of accessible and relatively inexpensive laser sources during the 
past few years has caused a minor revolution in Raman techniques, by 
largely displacing the traditional mercury discharge lamp as an exciting 
sdurce. Formerly the process of obtaining a good Raman spectrum of any- 
thing but the most straightforward samples involved as much art as science, 
required 10-20 ml of sample, and was often a very time-consuming Oper 
ation; now Raman spectra of virtually all samples can be run on à com- 
pletely routine basis using one millilitre or less of sample and taking a few 
minutes only. iret 

In fact the laser is almost ideal as а Raman source; it gives a very 
narrow, highly monochromatic beam of radiation, which may be focused 
very finely into a small sample, and which packs a relatively large power— 
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(a) 


Sample tube 
with liquid 
(b) 


Hg lamp 


Optical flat 


Scattered radiation 
to spectrometer 


Sample 


Laser beam 


Scattered radiation 
to spectrometer 


(c) 


Figure 4.14 (a) Excitation of a sample with a spiral mercury lamp. (b) Sample container for 
excitation by a laser. (c) Plan view of multi-pass operation using a laser beam. 


from several milliwatts to a few watts, depending on the type of laser—into 
its small frequency spread. . 

Figure 4.14 compares the two excitation techniques. In part (a) the 
mercury discharge lamp is shown in the form of a spiral round the sample; 
this form of excitation pumps a good deal of energy into the sample, but it 
is spread over the many emission lines of the mercury vapour— notably 
435-8 and 253-6 nm—and it suffers from three main disadvantages. Firstly, 
the extended source allows a good deal of the exciting radiation to be 
scattered directly into the spectrometer where it masks all the Raman lines 
less than some 100 ст! from the exciting frequency; secondly the sample 
tube needs to be about 20-30 cm long and 1-2 cm in diameter, so that a 
considerable quantity of sample is required; thirdly, the relatively high 
frequency of the mercury radiation often causes the sample to fluoresce (cf. 
Sec. 6.3.3), and the resulting fluorescence spectrum swamps the very weak 
Raman spectrum. Nonetheless the mercury lamp is often still preferred for 
gaseous. samples, where a large sample tube can have a very 


RAMAN SPECTROSCOPY 153 


carefully tailored mercury lamp built round it, and thus collect the exciting 
radiation with maximum efficiency. 

Figure 4.14(c) illustrates how the laser beam is directed through a 
sample and, by means of mirrors, caused to undergo multiple passes; only 
three such passes are shown but, by careful alignment of the mirrors up to 
10 passes may be achieved, thus enhancing the Raman signal. The standard 
sample container is a ‘box’ of quartz, as shown in Fig. 4.14(b), about 2 cm 
long and 0:5 cm? in cross-section, provided with filling ports; its capacity is 
thus 1 ml. The quantity of sample required can be reduced considerably, 
however, by using a thin capillary tube, filled with sample and sealed at one 
end, with the laser beam directed along its length; in this case the multiple 
traverse facility cannot be used, but nonetheless a few microlitres of liquid 
give a spectrum of about 60 per cent of the intensity of that from a 1 ml 
sample with multiple traverse. Solids, in powder or transparent block form, 
are equally suitable for laser excitation. Further, lasers typically operate at 
frequencies lower than that of the mercury lamp (e.g. the He-Ne laser at 
632-8 nm and the argon laser at 514-5 and 488-0 nm), and are thus very 
mich less likely to cause the sample. to fluoresce; also if one particular laser 
does produce fluorescence, it is a simple matter technically (although per- 
haps not financially) to switch to another laser and run a successful Raman 
spectrum. Finally, the Rayleigh scattering is much diminished with the very 
confined laser beam, and it is routine to detect Raman scattering to within 
some 20 ст! of the exciting line. К 

Radiation scattered from the sample is directed, via mirrors, Into а 
spectrometer operating in the visible region; the monochromator is either a 
quartz prism or a grating, and the radiation is detected, in the case of a 
lasér instrument, by a photoelectric detector with its output fed to an 
amplifier and pen recorder. Instruments using а mercury discharge lamp as 
exciting source may also use a photomultiplier and pen recorder, but they 
have, in addition, provision for the insertion of a photographic plate as 
detector, since the very weakest of Raman lines may be observed by allow- 
ing the exposure to continue for many hours, or even several days. 
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PROBLEMS 


(Useful constants: h = 6:626 x 107?* J s; c = 2:998 x 10° m 871; 8n? = 78:957; mass of H 
atom = 1:673 x 107?" kg) 


4.1 With which type of spectroscopy would one observe the pure rotation spectrum of H, ? If 
the bond length of H, is 0-074 17 nm, what would be the spacing of the lines in the spectrum? 


42 The spin of the hydrogen nucleus is 1; does this make any difference to your answer to 
Prob. 4.1? 


4.3 A molecule 4, В, has infra-red absorptions and Raman spectral lines as in the following 
table: 


ст”! Infra-red Raman 
DEUS чайы аы д шз EET о. 
3374 = Strong 
3287 Very strong; PR contour = 
1973 — Very strong 
729 Very strong; PQR contour c 
612 — Weak 


E з м е „се. 


Deduce what you can about the structure of the molecule and assign the observed vibrations 
to particular molecular modes as far as possible. 


Hint: Use data from Table 3.4 to help with.your answer. 
44 A molecule AB, has the following infra-red and Raman spectra: 


стт! Infra-red Raman 


3756 Very strong: perpendicular — — 


3652 Strong; parallel Strong; polarized 
1595 Very strong; parallel ws 


The rotational fine structure of the infra-red bands is complex and does not show simple PR 
or PQR characteristics. Comment on the molecular structure, and assign the observed lines to 
specific molecular vibrations as far as possible. 


45 Both N,O and NO, exhibit three different fundamental vibrational frequencies, and for 
the two molecules some modes are observed in both the infra-red and the Raman. The bands 


in N,O show only simple PR structure (no Q branches) while those in NO, show complex 
rotational structure. What can be deduced about the structure of each molecule? 


CHAPTER 
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ELECTRONIC SPECTROSCOPY OF ATOMS 


51 THE STRUCTURE OF ATOMS 


5.1.1 Electronic Wave Functions 


It is well known that an atom consists of a central, positively charged 
nucleus, which contributes nearly all the mass to the system, surrounded by 
negatively charged electrons in sufficient number to balance the nuclear 
charge. Hydrogen, the smallest and simplest atom, has a nuclear charge of 
+1 units (where the unit is the electronic charge, 1:60 x 1052 coulomb) 
and one electron; each succeeding atom increases the nuclear charge and 
electron total by unity, up to atoms with 100 or more electrons. : 
Modern theories have long ceased to regard the electron as а particle 
which obeys the laws of classical mechanics applicable to massive, everyday 
objects; instead, in common with all entities of subatomic size, We consider 
that it obeys the laws of quantum mechanics.(or wave mechanics) as em- 
bodied in the Schródinger wave equation. In principle, this equation may be. 
used to determine many things: €-£« the way in which electrons group 
themselves about a nucleus when forming an atom, the energy which each 
electron may have, the way in which it can undergo transitions between 
energy states, etc. In practice the application of the Schródinger equation to 
these problems presents difficulties which can only be overcome in the case 
of the simplest atoms or by the use of gross approximations. Here, sepa 
we shall be concerned only with the results obtained—and then only in 
qualitative terms—rather than the mathematical theory of the process. 
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The Schrodinger theory can be used to predict the probability of an 
electron with a particular energy being at a particular point in space, and it 
expresses this probability in terms of a very important algebraic expression 
called the wave function of the electron. The wave: function is given the 
Greek symbol y. Quite simply, the probability of finding an electron, whose 
wave function is y, within unit volume at a given point in space, is pro- 
portional to the value of y? at that point: 


Relative probability density = y? (5.1) 


Let us see what this means. Electronic wave functions consist of three 
elements: (1) some fundamental physical constants (л, h, c, m, е, etc.—where 
m and e are the mass and charge, respectively, of the electron); (2) par- 
ameters peculiar to the system under discussion—e.g., for atoms, distance 
from the nucleus, either radially (r) or along some coordinate axes (x, y, z); 
and (3) one or more quantum numbers. These latter are by no means arbi- 
trarily introduced into the problem in order to make the predictions match 
experiment; they belong to the solution of the Schrédinger equation in the 
sense that y represents a sensible physical situation only if the quantum 
numbers have certain values. 

As an example we may quote here the expression for a set of wave 
functions, V,, which are solutions to the Schródinger equation for the 


hydrogen atom: 
V. = (2) ехр (- | (5.2) 
do nao 


where ao = h?/4n?me?, r is radial distance from the nucleus, f(r/do) is а 
power series of degree (n — 1) in r/a, , and n is the principal quantum number, 
which can have only integral values, 1, 2, 3, ..., оо. The constant a, has 
dimensions of length (and is, in fact, about 53 nm) and so the quantity r/do 
à is a pure number. Thus for particular values of r and n, V, and V2 are also 
simply numbers, and V? represents the probability of finding the electron at 
our chosen distance r from the nucleus when it is in the state represented by 

the given n value. 
It is found that the electronic wave functions of all atoms require the 


introduction of only four quantum numbers. We shall describe these briefly 
here, leaving a more thorough discussion to later sections. 


5.1.2 The Shape of Atomic Orbitals; Atomic Quantum Numbers 


Table 5.1 lists the four quantum numbers, gives the allowed values of each, 
and states what is the function of each. The principal quantum number, as 
stated earlier, can take integral values from one to. infinity. It governs the 
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Table 5.1 The atomic quantum numbers 


Quantum No. Allowed values Function 

Principal, n 15:2) Sirens Governs the energy and size of the 
orbital 

Orbital, | (n — 1), (п – 2), ..., 0 Governs the shape of the orbital and 
the electronic angular momentum 

Magnetic, m +1, +(1—1),...,0 Governs the direction of an orbital 
and the electrons’ behaviour in a 
magnetic field 

* Spin, 5 +4 Governs the axial angular momentum 


of the electron 


energy of the electron mainly (although we shall see later that the other 
quantum numbers also affect this energy to some extent). The table shows 
that n also governs the size of the electronic orbital; this latter is a term 
used to represent the space within which an electron can move according to 
the Schródinger theory—it corresponds approximately to the earlier idea of 
Bohr that electrons move in circular or elliptical orbits like planets round a 
sun. Energy and size of the orbital are connected in that the smaller the 
orbital the closer to the nucleus the electron will be and hence. the more 
firmly bound. 

The orbital (or azimuthal) quantum number 1, also has integral values 
only, but these must be less than n. Thus for n = 3, | can be 2, 1, or 0. It 
governs the shape of the orbital (cf. Fig. 5.1) and the angular momentum of 
the electron as it circulates about the nucleus in its orbital. 

The magnetic quantum number m takes integral values which depend on 
1. Thus for | = 2, m can be +2, +1, 0, —1, —1, or —2; in general there are 
21 + 1 values of m. Besides denoting the behaviour of electrons in orbitals 
when the atom is placed in a magnetic field, the. m quantum number can 
also be used to specify the direction of a particular orbital. 

The spin quantum number s is of magnitude +4 only (but cf. Sec. 5.2.2). 
It measures the spin angular momentum which the electron possesses 
whether it is present in an atom or in free space. Nh be Aa 

Since wave functions represent only а probability distribution of an 
electron it is difficult to define precisely the shape and size of an orbital. 
From Eq. (5.2) we see that even at very large values of г, Yn (and hence Vn) 
still has a value, even though small. Thus an orbital tails off to infinity 
(although, because of the smallness of ао, ‘infinity’ on the atomic scale 
might be taken as 1074 or 107° cm) in all directions. However, the diffi- 
culty can be overcome if we agree to draw a three-dimensional shape within 
which the electron spends, say, 95 per cent or some other fraction of its 
time. This can be taken as the effective boundary of the electron’s domain 
and it can be called the orbital. 
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Figure 5.1 Some of the electronic orbitals which may be occupied by the electron in a hydro- 
gen atom. 


Considering still the wave function of Eq. (5.2) we see that the corre- 
sponding orbital must be spherical, for at any given distance r from the 
nucleus y, has the same value irrespective of direction. Thus the 95 per cent 
boundary will be spherical. For larger n the function tails off less rapidly 
with distance and so the electron can spend proportionately more of its 
time further from the nucleus; thus the 95 per cent sphere will increase 10 
size with n. We have drawn the cases й = 1, 2, and 3 at the top of Fig. 5.1. 
These spherical orbitals, it so happens, are associated with an / value of zero 
(and hence m — 0) and they are referred to as s orbitals. (Although it is 
perhaps helpful to connect s with ‘spherical’—in fact the label arose histori- 
cally because of the alleged particular sharpness of spectral lines arising 
from transition of electrons occupying s orbitals—the connection which- 
should be remembered is between s orbitals and 1-= 0.) The s orbitals are 
labelled according to their n quantum numbers: 15, 2s, ..., ns. 
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Orbitals with | = 1 (and hence п> 2) also arise as solutions to the 
Schródinger equation for the hydrogen atom. These are twin-lobed and 
have the approximate shape shown for n = 2 in the lower half of Fig. 5.1. 
Orbitals with n — 3,1 — 1 are larger but have the same shape. Such orbitals 
are labelled p (historically their transitions were thought to be ‘principal’) 
and we see that, for a given n, there are three of them, one along each 
coordinate axis. They can be distinguished as np,, пр,, and np,, if neces- 
sary. The fact that there are thrée of them is connected with the three values 
of m, m= +1, 0, and — 1, allowed for 1 = 1 states. It is conventional to 
associate the value т = 0. with the np; orbitals but, for good physical 
reasons which lie outside the scope of this book, it is not then possible to 
associate the other m values with either np, or np,. Other representations of 
these orbitals can be drawn, however, in such a way that there is a one-to- 
one correspondence between each m value and an orbital; these represen- 
tations are less convenient for the descriptive purposes of this book and we 


shall not discuss them here. } 

We сап go further: for | = 2 (hence n > 3) we have a set of d orbitals 
(historically ‘diffuse’), and | = 3(n = 4)f orbitals (historically fundamental): 
there are five of the former (т = +2, +1 or 0) and seven of the latter 
(m= +3, +2, +1 or 0). Sketches of d orbitals show that they have four 
lobes, while the f have six, but we shall not attempt to reproduce these here. 
Orbitals with higher І values, I = 4, 5, 6, ..., are of less importance and we 
shall not consider them further; if necessary they are labelled alphabetically 


after f, that is, | — 4, g; 1 = 5, h, etc. 


5.1.3 The Energies of Atomic Orbitals; Hydrogen Atom Spectrum 


However large an atom its electrons take up orbitals of the s, p, d, ... type 
(according to very specific laws which we shall discuss later) and so the 
overall shape of each electron's domain is unaltered. The energy of each 
orbital, on the other hand, varies considerably from atom to atom. There 
are two main contributions to this energy: (1) attraction between electrons 
and nucleus, (2) repulsion between electrons in the same atom. —. 

We consider first the case of hydrogen in some detail: this is the sim- 
plest because, having only one electron, factor (2) is completely absent. We 
shall later see how the picture should be modified for larger atoms. — 

Because of the absence of interelectronic effects all orbitals with the 
same n value have the same energy in hydrogen. Thus the 2s and 2p 
orbitals, for instance, are degenerate, as are the 3s, 3p, and 3d. However the 
energies of the 2s, 3s, 4s, ... orbitals differ considerably. For the s orbitals 
given by Eq. (5.2): 
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the Schrédinger equation shows that the energy is: 


me* 
E, 
d 8h?e?n? 
те“ R 
" [TP em^* (071,2, 3,..) (5.3) 


where =, is the vacuum permittivity, and where the fundamental constants 
have been collected together and given the symbol R, called the Rydberg 
constant. Since р, d, ... orbitals have the same energies as the corresponding 
5 (for hydrogen only), Eq. (5.3) represents all the electronic energy levels of 
this atom. 

The lowest value of e, is plainly e£, = —R ст! (when n = 1), and so 
this represents the most stable (or ground) state. e, increases with increasing 
n, reaching a limit, ғ, = 0 for n = оо. This represents complete removal of 
the electron from the nucleus, i.e., the state of ionization. We sketch these 
energy levels for n = 1 to 5 and 1 — 0, 1, and 2'only in Fig. 5.2. (Some 
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-1 
(s state). (p state) (d state) Energy (cm ) 
n- o 0 
DEREN т E 
n= 4s 4d 
n=3 E 3d 
-02R 
n=2 [ 
| -04R 
L -06R 
L -08R 
n=1 Is -R 


Figure 5.2 Some of the lower electronic energy levels and transitions between them for the 
single electron of the hydrogen atom. 
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possible transitions, also shown, will be discussed shortly.) The three p 
states and five d states for each n are degenerate and not shown separately. 
Equation (5.3) and Fig. 5.2, then, represent the energy levels of the 
atom; in order to discuss the spectra which may arise we need the selection 
rules governing transitions. The Schrödinger equation shows these to pe: 


An — anything and Al = +1 only (5.4) 


From these selection rules we see immediately that an electron in the 
ground state (the 1s) can undergo a transition into any p state: 


1s np (n z 2) 
while a 2p electron can have transitions either into an s state or a d state: 
2p ns or nd 


Since s and d orbitals are here degenerate the energy of both these tran- 
sitions will be identical. These transitions are sketched in Fig. 5.2. 

In general an electron in a lower state n", can undergo à transition into 
a higher state n', with absorption of energy: 


Ав = Ep — Eg cm ^! 


d R R CRI d 
+ Vspect. — ч cm (5.5) 


An identical spectral line will be produced in emission if the electron falls 
from state n' to state п”. In both cases ] must change by unity. Let us 
consider a few of these transitions, restricting ourselves to absorption for 
simplicity. 

Transitions 1s np, n = 2, 4, ---- For these 


3 1 1 R i^ 
Viyman = R Lon =? ст 


3R 8R 15R 24R acm Bey (for n = 2, 3, 4, 5.9 
479-16 УЛО 


Hence we expect a series of lines at the wavenumbers given above. Just such 
a series is indeed observed in the atomic hydrogen spectrum, and it 1s called 
the Lyman series after its discoverer. The appearance of this spectrum 1s 
sketched in Fig. 5.3 together with a scale in units of R and gio sila 
We can see that the spectrum converges to the point Rem › and from a 
observed spectrum the very precise value К = 109677581 ст is 00- 


i : ; 3 : i00. 1 hed 
tained. This convergence limit, which arises when п/ = 20, is shown das 


on the figure. It plainly represents complete removal of № Ve RUN 
lonization— :red to ionize the atom 1s р , 
and the energy required to Las ol Tx 10-7? J, 


by the value of R. Using the conversion factor roms E 
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Figure 5.3 Representation of part of the Lyman series of the hydrogen atom showing the 
convergence (ionization) point. 


we have a very precise measure of the ionization potential from the ground 
(1s) state: 2:1781 x 10^ !* J (which may be more familiar in non-SI units as 
13-595 eV). 

Another set of transitions arises from ап electron initially in the 2s or 
2p states: 25 n'p or 2p n's, n'd. For these we write: 


х eese. $ 
YBaimer = R {i B a ст! 


SR 3R 21R i5 e 
= 36° 16° 100 ^ cm (for п = 3, 4, 5,...) 


Thus we expect another series of lines converging to+R cm ^! (n' = оо); this 
series, called the Balmer series after its discoverer, is observed and the value 
of $R obtained from its convergence limit—which represents the ionization 
potential from the first excited state—is in excellent agreement with the 
value of R from the Lyman series. 

Other similar line series (called the Paschen, Brackett, Pfund, etc., 
series) are observed for n" = 3, 4, 5, ...; indeed these spectra were observed 
long before the modern theory of atomic structure had been developed. The 
spectral lines were correlated empirically by Rydberg, and he showed that 
an equation of thé form given in Eq. (5.5) described the wavenumbers of 
each. It is after him that the Rydberg constant is named. 

It should be mentioned that each line series discussed above shows а 
continuous absorption or emission to high wavenumbers of the convergence 
limits. The convergence limit represents the situation where the atomic 
electron has absorbed just sufficient energy from radiation to escape from 
the nucleus with zero velocity. It can, however, absorb more energy than 
this and hence escape with higher velocities and since the kinetic energy of 
an electron moving in free space is not quantized, any energy above the 
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ionization energy can be absorbed. Hence the spectrum in this region is 
continuous. 

This completes our discussion of what might be termed the coarse 
structure of the hydrogen atom spectrum. In order to consider the fine 
structure we need to know how the other quantum numbers, besides n, 
affect the electronic energy levels. 


52 ELECTRONIC ANGULAR MOMENTUM 


52.1 Orbital Angular Momentum 


An electron moving in its orbital about a nucleus possesses orbital angular 
momentum, a measure of which is given by the | value corresponding to the 
orbital. This momentum is, of course, quantized, and it is usually expressed 
in terms of the unit Л/2л, where h is Planck's constant. We may write: 


ЙЕ А 
Orbital angular momentum = JJ K +1). adt АЛ( + 1) units (5.6) 


Now angular momentum is a vector quantity, by which we mean that 
its direction is important as well as its magnitude—the axis of a spinning 
top, for instance, points in a particular direction. Conventionally, vectors 
may be represented by arrows, and the angular momentum vector is rep- 
resented by an arrow based at the centre of the top, along the top axis, and 
of length proportional to the magnitude of the angular momentum. Such an 
arrow can lie in two different directions, at 180° to each other; these d:- x 
tions are associated, depending on the sign convention used, with clockwise 
and anticlockwise rotations of the top. Mathematically we can ignore the 
spinning body and deal merely with the properties of the arrow. 

It is usual to distinguish vector quantities by the use of bold-face type 
and we shall accordingly represent orbital angular momentum by the 


symbol l where: 
l= IK + 1) units (5.7) 


In this equation l is always zero or positive and hence so is 1. Since | and ! 
are so closely connected they are often loosely used interchangeably: thus 
we speak of an electron having ‘ап angular momentum of 2’ when we 
strictly mean that | = 2and1=./2 x 3 = 2:44 units. 

We might at first think that the angular momentum vector of an elec- 
tron could point in an infinite number of different directions. This, however, 
would be to reckon without the quantum theory. In fact, once a reference 
direction has been specified (and this may be done in many Ways, either 
externally, such as by applying an electric or magnetic field, or internally, 
perhaps in terms of the angular momentum vector of one particular 
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1, 


+2 


(а) 1=1 (b) 1=2 (с) s=} 
Figure 54 The allowed directions of the electronic angular momentum vector for an electron 
in (a) a p state (1 = 1), (b) a d state (1 = 2), and (c) the allowed directions of the electronic spin 
angular momentum vector. The reference direction is taken arbitrarily as upwards in the plane 
of the paper. 


electron), the angular momentum vector can point only so that its compo- 
nents along the reference direction are integral multiples of h/2n. Figure 5.4(a) 
and (b) show the situation for an electron with | = 1 and | = 2 respectively 
(Le., a p and a d electron). The reference direction, here taken to be vertical 
in the figure, is conventionally used to define the z axis, and so we can write 
the components of | in this direction as l, (note the use of bold-face type for 
I, , since the components of angular momentum are clearly vectors, having 
both magnitude and direction). Alternatively, since we know that the I, are 


integral multiples of h/2z, we can represent the components in terms of an 
integral number l, (not bold-face), where 


h 
= — 5.8) 
1, 1, 2 ( 


This latter notation is used in Fig. 5.4, and we see there that for | = 1, l; 
takes values of +1, 0, and —1, while for | = 2 the values are +2, +1, 0, 
—1, and —2. In general we see that І, has values: 


19011—1,...50 5 —( —1), 1 (5.9) 
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and that there are 2/ + 1 values of 1, for a given |. Plainly |, is to be 
identified with the magnetic quantum number m introduced in Sec. 5.1.2: 


l, =m 


and this justifies our previous assertion that m governs essentially the direc- 
tion of an orbital. 

Before proceeding further let us reiterate the distinction between 1, L h, 
and |,. The quantum number / is an integer, positive or zero, representing 
the state of an electron in an atom and determining its orbital angular 
momentum. The vector | designates the magnitude and direction of this 
momentum as shown by the vector arrows of Fig. $4. When expressed in 
units of h/2x, Lis numerically equal to ,/K/ + 1). Once a reference direction 
is specified (and this is often arbitrary) 1 can point only so as to have 
components 1, = I, h/2 (with I, an integer or zero) along that direction. 

Usually the orbital energy of the electron depends only on the mag- 
nitude and not the direction of its angular momentum; thus the 2/ +1 
values of /, are all degenerate. But we should note that it is possible to lift 
the degeneracy (cf. Sec. 5.6) so that levels with different /, have different 
energy. 


5.2.2 Electron Spin Angular Momentum 

Every electron in an atom can be considered to be spinning about an axis 
as well as orbiting about the nucleus. Its spin motion is designated by the 
spin quantum number s, which can be shown to have а value of $ only. Thus 
the spin angular momentum is given by: 


h ү e3u 
з= /95+ 10) 5 = 2x3 
= 4,/3 units (5.10) 


The quantization law for spin momentum is that the vector can point so as 
to have components in the reference direction which are half-integral mul- 
tiples of h/2x, that is, so that s, = s,h/2x with s, taking the values +4 or 
—4 only. The two (that is, 2s + 1) allowed directions are shown im 
Fig. 5.4(c); they are normally degenerate. 


5.2.3 Total Electronic Angular Momentum 


We now need to discover some means whereby the orbital and spin contri 
butions to the electronic angular momentum may be combined. Formally 


we can write: 


j=l+s (5.11) 


where j is the total angular momentum. Since | and s are vectors, Eq. oe 
must be taken to imply vector addition. Also formally, we can express j 
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terms of a total angular momentum quantum number j: 
h А 
= JIG + Dos = IU + 1) units (5.12) 


where j is half-integral (since s is half-integral for a one-electron atom), and 
a quanta! law applies equally to j as to l and s:j can have z-components 
which are half-integral only, i.e., 


There are two methods by which we can deduce the various allowed 
values of j for particular | and s values. We shall consider them both briefly. 


1. Vector summation. In ordinary mechanics two forces in different direc- 
tions may be added by a graphical method in which vector arrows are 
drawn to represent the magnitude and direction of the forces, the *paral- 
lelogram is completed', and the magnitude and direction of the resultant 
given by the diagonal of the parallelogram. Exactly the same method can 
be used to find the resultant (j) of the vectors l and s. The important 
difference is that quantum mechanical laws restrict the angle between 1 
and s to values such that j is given by Eq. (5.12) with half-integral j. Thus 
jcan take values 


4/3, 1./15,1./35,...  .correspondingto 1] = 1,3, 5, :.. 


The method is illustrated in Fig. 5.5(a) and (b) for the case | = 1 (that 
Эре КА) and 5 =} (s= 1/3). In (a) the summation yields j — 4/15, 
which corresponds to a j value of 3, while in (b) j= 4/3 or j= 
Construction or calculation shows that 1 and s may not be combined in any 
other way to give an allowed value of j. 


$ 4/3 
(a) (b) 


Figure 5.5 The two energy states having different total angular momentum which can arise as 
a result of the vector addition of | = ./2and s = 4/3. 
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Note that we can get exactly the same answer by summing the 
quantum numbers 1 and s to get the quantum number j. In this example 
[= 1,5 = 4, and hence: 


ј=1+5=3 or j=l—s=4 


This simple approach, although adequate for systems with one elec- 
tron only, is not readily extended to multi-electron systems. For these we 
must use the rather more fundamental method outlined below. 

2. Summation of z components. If the components along a common direction 
of two vectors are added, the summation yields the component in that 
direction of their resultant. We have seen (cf. Eq. (5.9) that the z com- 
ponents of | = 1 are +1, and 0, while those of s — 4 are +4 only. Taking 
all possible sums of these quantities we have: 


„= + % 
- j,=14h1—-404405% =i 44, -1-2 
= % 4, $ -— —4, -i 

In this list of six j, components, the maximum value is 3, which we know 
(cf. Eq. (5.13)) must belong to j = à. Other components of j — 3 are 4, —4, 
and —3 and, striking these from the above six, we are left with j = +4 
and —4. These values are plainly consistent with j = 5. 

Thus all the six components are accounted for if we say that the 


states j = 3 and j = 4 may be formed from |= 1 and s = 4. This is, of 
course, in agreement with the vector summation method. 


Both these methods show that for a p electron (that is, 1 = 1), the 
orbital and spin momenta may be combined to produce a total momentum 
of j = 1,/15 when 1 and s reinforce (physically we would say that the 
angular momenta have the same direction) or to givej = 4,/3 when 1 and s 
oppose each other. Thus the total momentum is different in magnitude in 
the two cases and hence we have arrived at two different energy states 
depending on whether 1 and s reinforce or oppose. Both energy states are p 
states, however (since l is 1 for both), and they may be distinguished by 
writing the j quantum number value as a subscript to the state symbol P, 
thus Руз or P,,5. (We here use a capital letter for the state of a whole atom 
and a small letter for the state of an individual electron; in the hydrogen 
atom, which contains only one electron, the distinction is trivial.) States 
such as these, split into two energies, are termed doublet states; their doub- 
let nature is usually indicated by writing à superscript 2 to the state symbol, 
thus: ?P,,,, ?P,,,. The state (or term) symbols produced are to be read 
‘doublet P three halves’ or ‘doublet P one half? respectively. 

All other higher І values for the electron will obviously produce doublet 
states when combined with 5 = 4, for 108005 122, 3, 4, ... will yield 
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2D 5/2, 3/29 °F 7/2, 52» бој, 2/2 ete. The student should satisfy himself of this, 
preferably by using the z-component summation method outlined above. 
There is, however, a slight difficulty with s states (1 = 0). Here, since | = 0, it 
can make no contribution to the vector sum, and the only possible resultant 
iss= 1/3 or s = 4. Remember s = — is not allowed, since the quantum 
number cannot be negative; it is only the z component of the vector which 
can have negative values. Thus for an s electron we would have the state 
symbol S,,. only. This is nonetheless formally written as a doublet state 
(7S,)2) for reasons which should become clear during the discussion of 
multiplicity in Sec. 5.4.3. 

We can now consider the relevance of this discussion to atomic spec- 
troscopy. 


5.2.4 The Fine Structure of the Hydrogen Atom Spectrum 


The hydrogen atom contains but one electron and so the coupling of orbital” 
and spin momenta and consequent splitting of energy levels will be exactly 
as described above. We summarize the essential details of the energy levels 


"Su ABUS Dineen Energy (cm!) , 
- 5 0 
ў i 1з Pie). 
s ———— } awe ЛЧ ИЙЕ ДУ 44 Е 
4—————1i1 y 42 3d — 5 È 
3 2 i | —02R 
$——————i р } 
L —04R 
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Figure 5.6 Some of the lower energy levels of the hydrogen atom showing the inclusion of 
j-splitting. The splitting is greatly exaggerated for clarity. 
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in Fig. 5.6. Each level is labelled with its n quantum number on the extreme 
left, and its j value on the right; the | value is indicated by the state symbols 
СӨР. Р, .-at the top of each column. There is no attempt to show the 
energy-level splitting of the P and D states to scale in this diagram—the 
separation between levels differing only in j is many thousands of times 
smaller than. the separation between levels of different n. However, we do 
indicate that the j-splitting decreases with increasing n and with increasing l. 
The Е, G, ... states, not shown on the diagram, follow the same pattern. 
The selection rules for n and | are the same as before: 


An — anything М = +1 only (5.14) 


but now there is a selection rule for j: 


Aj =0, +1 (5.15) 


These selection rules indicate that transitions are allowed between any 
S level and any P level: 


25129 Pin (Aj = 0) 
2512 2р. (Aj = +1) 


Thus the spectrum to be expected from the ground (15) state will be iden- 
tical with the Lyman series (cf. Sec. 5.1.3) except that every line will be a 
doublet. In fact the separation between the lines is too small to be readily 
resolved but we shall shortly consider the spectrum of sodium in which this 
splitting is easily observed. 

Transitions between the 2P and 7D states are rather more complex; 
Fig. 5.7 shows four of the energy levels involved. Plainly the transition at 
lowest frequency will be that between the closest pair of levels, the 2Рзг 
апа 2”. This, corresponding to Aj = 0 is allowed. The next transition, 
2 P32 Dsn (Ај = + 1), is also allowed and will occur close to the first 
because the separation between the doublet D states is very small. Thirdly, 
and more widely spaced, will be 2Р2 2р (Ај = +1), but the fourth 
transition (shown dotted) 2p... 2052» 8 hot allowed since for this 
Aj = +2. 

Thus the spectrum will consist of the three lines shown at the foot of 
the figure. This, arising from transitions between doublet levels, 1s usually 
referred to as a ‘compound doublet’ spectrum. 

We see, then, that the inclusion of coupling betwe! 
momenta has led to a slight increase in the complexity of the hydrogen 
spectrum. In practice, the complexity will be observe 
heavier atoms, since for them the j-splitting is larger than for hy 
principle, however, all the lines in the hydrogen spectrum should be glose 
doublets if the transitions involve 5 levels, OT ‘compound doublets’ if s 


electrons are not involved. 
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Figure 5.7 The ‘compound doublet’ spectrum arising as the result of transitions between ?P 
and ?D levels in the hydrogen atom. 


5.3 MANY-ELECTRON ATOMS 


5.3.1 The Building-up Principle 


The Schródinger equation shows that electrons in atoms occupy orbitals of 
the same type and shape as the s, p, d, ... orbitals discussed for the hydro- 
Ben atom, but that the energies of these electrons differ markedly from atom 
to atom. There is no general expression for the energy levels of a many- 
electron atom comparable to Eq. (5.3) for hydrogen; each atom must be 
treated as a special case and its energy levels either tabulated or shown on a 
diagram similar to Fig. 5.2 or Fig. 5.6. 

There are three basic rules, known as the building-up rules, which 


determine how electrons in large atoms occupy orbitals. These may be 
summarized as: 


1. Pauli's principle: no two electrons 
values for n, I, І, (= m), and Se 
2. Electrons tend to occupy the orbital with lowest energy available. 


3. Hund's principle: electrons tend to occupy degenerate orbitals singly 
with their spins parallel. 


in an atom may have the same set of 


Rule 1 effectively limits to two the number of electrons in each orbital. 
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An example may make this clear: we may characterize both an orbital and 
an electron occupying it by specifying the n, l, and m quantum numbers. 
Thus a 15 orbital or 1s electron has n = 1, l = 0, and m = l, = 0; the elec- 
tron (but not the orbital) is further characterized by a statement of its spin 
direction, i.e., by specifying s; = +4 or s, = —}. Two electrons can together 
occupy the 15 orbital provided, according to rule 1, that one has the set of 
Капез n 11, гео О аа +1, and the other n= 1,120,120, 
$,— — 1 We talk, rather loosely, of two electrons occupying the same 
orbital only if their spins are paired (or opposed). A third electron cannot 
exist in the same orbital without repeating a set of values for n, l, lz, and 5, 
already takén up..It. would have to be placed into some other orbital and 
the choice is determined by rule 2: it would go into the next higher vacant 
or half-vacant orbital. In general, orbital energies in many-electron atoms 
increase with increasing п, as they do for hydrogen, but they also increase 
with increasing l, whereas we noted for hydrogen that all s, р, d, .-- orbitals 
with the same n wete degenerate. In fact the order of the energy ievels for 
most atoms is as follows: 


ШИР ул ec (5.16) 


Thus when the 1s orbital is full (i.e., contains two electrons) the next avail- 
able orbital is the 2s, and after this the 2p. Now we remember that there are 
three 2p orbitals, one along each coordinate axis, and each of these can 
contain two electrons. We may write the n, 1, 1, and s; values as: 


ое e s, = +3 


a=.» =e s, = £4 } total six electrons 
n=2 l=1 = =1 s= +4 


All three p orbitals remain degenerate (as do the five d orbitals, seven / etc.) 
for a given n. It is rule 3 which tells us how electrons occupy these degener- 
ate orbitals. Hund’s rule states that when, for example, the 2р, orbital 
contains an electron, the next electron will go into a different 2p, say 2р›› 
orbital, and a third into the 2p,. This may be looked upon as 4 conse- 
quence of repulsion between electrons. A fourth electron has no choice but 
to pair its spin with an electron already in one 2p orbital, while a fifth and 
sixth will complete the filling of the three 2p’s. 

On this basis we can build up the electronic configurations of the 10 
smallest atoms, from hydrogen to neon. This is shown in Table 5.2 where 
each box represents an orbital occupied by one or two electrons with spin 
directions shown by the arrows. A convenient notation for the electronic 
configuration is also shown in the table. è 

When a set of orbitals of given п and4 is filled it is referred to as a 
closed shell. Thus the 1s? set of helium, the 252 set of beryllium, and the 2p 
set of neon are all closed shells. The convenience of this is that closed shells 
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Table 5.2 Electronic structure of some atoms 


15 25 2р 
Hydrogen [1 ] 15! 
Helium I 152 
Lithium LEE [ДЕ 15225! 
Beylim — [T1] [Т] 182252 
Вогоп 1522522р! 
Carbon [erar] [ТУ] жй, al 1522522р! 2p! 
Nitrogen LE] [ТЇ] 1s?2s?2p} 2р12р! 
DO К ШИ PEEPETTTT] 15220492291: 
Богша 1 ege] LEITTI[T |. 1,°2°2р22р22р! 


Ne» — [T1] БРТ) 1829252); 


make no contribution to the orbital or spin angular momentum of the 


Whole atom and hence they may be ignored when discussing atomic spectra. 
This represents a considerable simplification. 


5.3.2 The Spectrum of Lithium and Other Hydrogen-like Species 


The alkali metals, lithium, Sodium, potassium, rubidium, and cesium, all 
have a single electron outside a closed-shell core (cf. lithium in Table 5.2). 
Superficially, then, they resemble hydrogen and this resemblance is aug- 
mented by the fact that we can ignore the angular momentum of the core 
and deal merely with the spin and orbital momentum of the outer electron. 
Thus we immediately expect the p, d, ... levels to be split into doublets 
because of coupling between І and s. E 

The energy levels of lithium are sketched in Fig. 5.8, which figure 
should be compared with the corresponding Fig. 5.6 for hydrogen. The two 
diagrams are similar except for the energy difference between the s, p, and d 
orbitals of given n in the case of lithium, and the fact that, for this metal, the 
15 state is filled with electrons which do not generally take part in spectro- 
Scopic transitions, it requiring much less energy to induce the 2s electron to 
undergo a transition. Under high energy conditions, however, one or both 
of the 1s electrons may be promoted, 

The selection rules for alkali metals are the same as for hydrogen, that 
is, An = anything, Al = +1, Aj = 0, +1, and so the spectra will be similar 
also. Thus transitions from the ground state (1s?2s) can occur to p levels: 
28,5 — пР, 2. зу, and a series of doublets similar to the Lyman series will 
be formed converging to some point from which the ionization potential 


can be found. From the 2p state, however, two separate series of lines will 
be seen: 


2 2 
2 Py, 322 п 81; 
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2812 ФР», эз 7Dya, 52 Energy (ст!) 
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Figure 5.8 Some of the lower energy levels of the lithium atom showing the difference in 
energy of s, p, and d states with the same value of n. Some allowed transitions are also shown. 
The j-splitting is greatly exaggerated. 


and 
2 
22Р, 2,32" Рур, 5/2 


Тһе. former will be doublets, the latter compound doublets, but their fre- 
quencies will differ because the s and d orbital energies are no longer the 
same. 

The same remarks apply to the other alkali metals, the differences 
between their spectra and that of lithium being a matter of scale only. For 
instance the j-splitting due to coupling between 1 and s increases markedly 
with the atomic number. Thus the doublet separation of lines in the spectral 
series, which is scarcely observable for hydrogen, is less than 1 cm for the 
2p level of lithium, about 17 cm! for sodium, and over 5000 ст‘ for 
cesium. 

Any atom which has a single electron moving outside a closed shell mu 
exhibit a spectrum of the type discussed above. Thus ions of the type He , 
Ве“, B?*. etc., should, and indeed do, show what are termed ‘hydrogen-like 


Spectra’, 
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5.4 THE ANGULAR MOMENTUM OF MANY- 
ELECTRON ATOMS 


We turn now to consider the contribution of two or more electrons in the 
outer shell to the total angular momentum of the atom. There are two 


different ways in which we might sum the orbital and spin momentum of 
several electrons: 


1. First sum the orbital contributions, and then the spin contributions 
separately, finally add the total orbital and total spin contributions to 
reach the grand total. Symbolically: 


DI-L Ys=S L4S=J 


where we use bold-face capital letters to designate total momentum. 
2. Sum the orbital and spin momenta of each electron separately, finally 
summing the individual totals to form the grand total: 


L+s =j; Li=J 


The first method, known as Russell-Saunders coupling, gives results in 
accordance with the spectra of small and medium-sized atoms, while the 
second (called j, j coupling, since individual Ўв are summed) applies better 
to large atoms. We shall consider only the former in detail. 


5.4.1 Summation of Orbital Contributions 


The orbital momenta, L, L, ... of several electrons may be added by the 
same methods as were discussed in Sec. 5.2.3 for the summation of the 
orbital and spin momenta of a single electron. Thus we could: 


1. Add the vectors I,,1,,... graphically remembering that their resultant L 
must be expressible by 


L-JLL-1  (L-0,,2,..) (5.17) 


where L is the total orbital momentum quantum number. Thus L can 

have values 0, AI. V6, J2, -.. only. Figure 5.9 illustrates the method 

for a p and a d electron, I, = 1, l, = 2, hence I,-42,1- S6. There 
are three, and only three, ways in which the two vectors may be com- 
bined to give L consistent with Eq. (5.17). The three values of L are seen 
to be ^2. \/6, and |/2, corresponding to the quanturh number L = 3, 
2, and 1 respectively. 

. Alternatively we could add the individual quantum numbers |, and 1, to 
obtain the total quantum number L according to: 


Esta eh ely 1)... | A (5.18) 


(4) 


"uo1joo[o p € рие d е Joy рүйәшош 1e[n3ue eqo jo поцешшп$ 6S om3 


(р) 
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where the modulus sign |...| indicates that we аге to take |, — l, or 
12 —l, whichever is positive. For two electrons, there will plainly be 
2l; + 1 different values of L, where І, is the smaller of the two / values. 

3. Finally we could add the z components of the individual vectors, picking 
out from the result sets of components corresponding to the various 
allowed L values. Symbolically this process is: 


LEZ уч, 


Of these methods, (2) is the simplest but it is only applicable when 
the individual electrons concerned have different n or different | values 
(these are termed non-equivalent electrons). If n and | are the same for 


two or more electrons they are termed equivalent and method 3 must be 
used. Examples will be given later. 


5.4.2 Summation of Spin Contributions 


The same methods may be used here as in Sec. 5.4.1. Briefly, if we write the 
total spin angular momentum as S, and the total spin quantum number as 
$ (which is often simply called the total spin), we can have: 


1. Graphical summation, provided the resultant is 
S- JS(S + 1) (5.19) 
where $ is either integral or zero only, if the number of contributing spins 


is even, or half-integral only, if the number is odd. 
2. Summation of individual quantum numbers; for N spins we have: 


B= з Жз 1 Y's 2, 


NN 
Sodje.) (for.N-odd) (5.20) 


#1. 0 (for М even) 


3. Summation of individual 5, to give S,. 


Method 2, which is always applicable, is the simplest. Thus for two 
electrons we have the two possible Spin states: 


PSP eet er] Sabet 1. 6 


In the former the spins are called parallel and the state may be written (71), 
while in the latter they are paired or opposed and written (7 |). 
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rbital angular momentum vector, (b) a spin 


Figure 5.10 Showing the z components of (a) an о 
or for which S is integral. 


vector for which S is half-integral, and (c) a spin vect 


Again, for three electrons we may have: 
ыы ыр 
S=}+4+4-1=4 (Mb TUT or ЇЇ) 


where we see that there are three ways in which the S =4 state may be 


realized, one in which S = 3: 
As we have implied above, both L and S have 2 components along а 
d to integral values 


n SALA die 
ee direction, For L these components are limite 
y quantum laws and, as we can see from Fig. 5.10(a), there are, in general, 


сж + 1 of them, while for S the S, will be integral only or half-integral only, 
epending on whether S is integral or half-integral. We show examples in 


Fig. 5.10(b) and (c). In both cases there are 28 + 1 components. 


5.4.3 Total Angular Momentum 


um L and the total spin momen- 


d out in the same 


Th iti 
e addition of the total orbital moment 
J can be carrie 


tum n E 
S to give the grand total momentum 
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ways as the addition of I and s to give j, for a single electron. The only 
additional point is that the quantum number J in the expression 
h 
J-—4/J(J +1) — (5.21) 
2n 


must be integral if S is integral, and half-integral if S is half-integral. In 
` terms of the quantum numbers we can write immediately: 


УА РАУ (5.22) 


where, as before, the positive value of L — S is the lowest limit of the series 
of values, 


For example, if L = 2, $ = 3, we would have 


J=43 3 and4 
while if L = 2, $ = 1, the J values are: 


J=3,2,0r1 only 


called the multiplicity of the System. н 

We recall that, when discussing the total angular momentum of a single 
electron (Sec, 5.2.3), we found that each State, except those with l= 0, 
y different energy levels owing to j-splitting; we 
^ We also called the | — 0 states doublets, 
ergy level since j = 1 only. We now see that 
tifies us in labelling all one-electron states as 
S = 4, hence 25 +] = 2, and they all have a 


It is a general rule that in states with 
electron or of many, the multiplicity is eq 
with different J, whereas if L < S, then 


values, which is less than the multiplicity. As an example of the latter, if 


L=1 and S= 2, there are only three different J values, J = 3, 2, or 1, 
whereas the multiplicity is 25 + ] = 33 


L > S, whether consisting of one 
ual to the actual number of levels 
there are only 2L + 1 different J 
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5.4.4 Term Symbols 


In the whole of this section we have been describing the way in which the 
total angular momentum of an atom is built up from its various compo- 
nents. Using one sort of coupling only (the Russell-Saunders coupling) we 
arrive at vector quantities L, S, and J for a system which may be expressed 
in terms of quantum numbers L, S, and J: 


L-J/LL-1) S-JSss-) J2JJJ-1 (5223) 


where the integral L and integral or half-integral S and J are themselves 
combinations of individual electronic quantum numbers. 

In any particular atom, then, we see that the individual electronic angu- 
lar momenta may be combined in various ways to give different states each 
having a different total angular momentum (J) and hence a different energy 
(unless some states happen to be degenerate). Before discussing the effect of 
these states on' the spectrum of an atom we require some symbolism which 
we may use to describe states conveniently. We have already introduced 
such state symbols or term symbols in Sec. 5.2.6, but' we now consider them 
rather more fully. 

The term symbol for à particular atomic state is written as follows: 


Term symbol = ?5*!L, (5.24) 


where the numerical superscript gives the multiplicity of the state, the nu- 
merical subscript gives the total angular momentum quantum number J, 
and the value of the oribital quantum number L is expressed by a letter: 


For ..L,20, H 222024 
Symbol =S P D F,G,... 


which symbolism is comparable with the s, p, d, ... already used for single- 
electron states with / = 0, 1, 2,.... 
Let us now see some examples. 


1. S = 1, L = 2; hence J = $ or} and 25 + 1 = 2. Term symbols: ^D,,; and 
ӨЗУ which are to be read ‘doublet D five halves’ and ‘doublet D three 
halves’ respectively. 

2. S= 1, L = 1; hence J = 2, 1, or 0, and 2S + 1 = 3. Term symbols: ?P;, 
3P,, or °P, (read ‘triplet P two’, etc.). 

In both these examples we see that (since L z S), the multiplicity is 
the same as the number of different energy states. 

3. S =3, L = 1; hence J = $, $, or 1 and 25 + 1 = 4. Term symbols: *Ps)2, 
^P3/5, Ру (read ‘quartet P five halves’, etc.) where, since L < S, there 
are only three different energy states but each is nonetheless described as 


quartet since 2S + 1 = 4. 
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The reverse process is equally easy; given a term symbol for a particu- 
lar atomic state we can immediately deduce the various total angular mo- 
menta of that state. Some examples: 


4. 25,: we read immediately that 25 + 1 = 3, hence S = 1, and that L=0 
and J = 1. 
5$.?P4,5:L =1,J = 4, 28 + 1 =2, hence S = 1. 


Note, however, that the term symbol tells us only the total spin, total 
orbital, and grand total momenta of the whole atom—it tells us nothing of 
the states of the individual electrons in the atoms, nor even how many 
electrons contribute to the total. Thus in example 5 above, the fact that 
S =} implies that the atom has an odd number of contributing electrons, 
all except one of which have their spins paired. Thus a single electron (1), 
three electrons (111), five electrons (11111), etc., all form a doublet state. 
Similarly, the value L — 1 implies, perhaps, one p electron, or perhaps one p 
and two s electrons, or one of many other possible combinations. 

Normally this is not important; the spectroscopist is interested only in 
the energy state of the atom as a whole. Should we wish to specify the 
‘energy states of individual electrons, however, we can do so by including 
them in the term symbol as a prefix. Thus in example 5 we might have 
2p *P3)2, or 152р35 *P 4/2, etc. 

We can now apply our knowledge of atomic states to the discussion of 


the spectra of some atoms with two or more electrons. We start with the 
simplest, that of helium. 


5.4.5 The Spectrum of Helium and the Alkaline Earths 


Helium, atomic number two, consists of a central nucleus and two outer 


electrons. Clearly there are only two possibilities for the relative spins of the 
two electrons: 


(1) their spins are paired; in which case if s}, is +4, $2, must be —4, hence 
S: = 51, + 5), = 0, and so S = 0 and we have singlet states; or 

(2) their spins are parallel; now 5, = s, = +4, say, so that S, = 1 and the 
states are triplet. 


The lowest possible energy state of this atom is when both electrons 
occupy the 1s orbital; this, by Pauli’s Principle, is possible only if their spins 
are paired, so the ground state of helium must be a singlet state. Further 


L=1, + l, = 0, and hence J can only be zero. The ground state of helium, 
therefore, is 'S,. 


The relevant selection rules for many-electron systems are: 


AS=0 AL=4+1 AJ=0, +1 (5.25) 
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(There is a further rule that a state with J = 0-саппо make a transition to 
another J = 0 state, but this will not concern us here.) We see immediately 
that, since S cannot change during a transition, the singlet ground state can 
undergo transitions only to other singlet states. The selection rules for L 
and J are the same as those for | and j considered earlier. 

For the moment we shall imagine that only one electron undergoes 
transitions, leaving the other in the 1s orbital, and the left-hand side of 
Fig. 5.11 shows the energy levels for the various singlet states which arise. 

Initially the 152 Sọ state can undergo а transition only to 15! пр! states 
(abbreviated to 1snp); in the latter L — 1, S — 0, and hence J — 1 only, so 
the transition may be symbolized: 


152 150» 1зпр ! P, 
or, briefly: 
180 +P; 
From the +P, state the system could either revert to 150 states, as shown in 
the figure, or undergo transitions to the higher 1p, states (for these S0, 
L — 2, hence J — 2 only). In general, then, all these transitions will give rise 


to spectral series very similar to those of lithium except that here transitions 
are between singlet states only and all the spectral lines will be single. 


Singlet Levels Triplet Levels 
"So БРА 'р, 25, ЗР, 1.0 эру з. Energy (стт!) 
m ARS rur cing 0 
| 
1555 15р—— 1s5d—— !1559— 1S | s S d m 
ЫР ése P 
1545 154р 544. ш> Is4p 154 mm L0 p00 
1535 153 | 153@ amm 
830—7 
| | — 20000 
| 
| 
| 
| | —30.000 
1525— | 
i 
11525 L _ 49 000 
il | - | 
wf | | 
P | ! 
yi | \ 
" | | — 190 000 
| 
E | 
2 | 
ы | L — 200 000 


Figure 5.11 Some of the energy levels of the electrons in the helium atom together with a few 
allowed transitions. 
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Returning now to the situation in which the electron spins are parallel 
(case (2) the triplet states) we see that, since the electrons are now forbidden 
by Pauli’s principle from Occupying the same orbital, the lowest energy 
State is 1s2s. This and other triplet energy levels are shown on the right of 
Fig. 5.11. The 1525 state has S = 1, L = 0 and hence J = 1 only, and so it is 
?8,; by the selection rules of Eq. (5.25) it can only undergo transitions into 
the Isnp triplet states: these, with 5 = 1, L = 1, have J = 2, 1 or 0, and so 
the transitions may be written 


*$,— 3 P,, PP, Po 
All three transitions are allowed, since AJ = 0 or +1, so the resulting 
spectral lines will be triplets. 

Transitions from the ?P states may take place either to ?S states 
(spectral series of triples) or to 3p states. In the latter case the spectral series 
тау. be very complex if completely resolved, For ?D we һауе S = 1, L= 2, 
hence J = 3, 2, or 1 апа we show in Fig. 5.12 a transition between ?P and 
?D states, bearing in mind the selection rule AJ = 0, +1. We note that ?P; 
сап go to each of °D, 2,1, °P, can go only to °D, ,, and ЗР can go only to 
?D,. Thus the complete spectrum (shown at the foot of the figure) should 
consist of six lines, Normally, however, the very close spacing is not resolv- 


ed, and only three lines are seen; for this reason the spectrum is referred to 
as a compound triplet. 


dm 


3D; 
3D, 


Р. 


3Р, 


ip. 


Figure 512 The ‘compound triplet’ spec- 
trum arising from transitions between ЗР 
and ?D levels in the helium atom. The 
separation between levels of different J is 
a much exaggerated. 
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We might note in passing that Fig. 5.12 shows that levels with higher J 
have a higher energy in helium, and that the separation decreases from top 
to bottom. This is not the case with all atoms, however. If higher J is 
equivalent to lower energy then the separation increases from top to bottom 
and the multiplet is described as inverted. In helium, and other atoms with 
similar behaviour, the multiplet is normal or regular. 

We see, then, that the spectrum of helium consists of spectral series 
grouped into two types which overlap each other in frequency. In one type, 
involving transitions between singlet levels, all the spectral lines are them- 
selves singlets, while in the other the transitions are between triplet states 
and each ‘line’ is at least a close triplet and possibly even more complex. 
Because of the selection rule AS = 0 there is a strong prohibition on tran- 
sitions between singlet and triplet states, and transitions cannot occur 
between the right- and left-hand sides of Fig. 5.11. Early experimenters, 
noting the difference between the two types of spectral series, suggested that 
helium exists in two modifications, ortho- and para-helium. This is not far 
from the truth, although we know now that the difference between the two 
forms is very subtle: it is merely that one has its electron spins always 
opposed, and the other always parallel. 

Other atoms containing two outer electrons exhibit spectra similar to 
that of helium. Thus the alkaline earths, beryllium, magnesium, calcium, 
etc; fall in this category, as do ionized species with just two remaining 
electrons, for example, В+, С°“, etc. 

We should remind the reader at this point that the above discussion on 
helium has been carried through on the assumption that one electron 
remains in the 15 orbital all the time. This is а reasonable assumption since 
a great deal of energy would be required to excite two electrons simulta- 
neously, and this would not happen under normal spectroscopic conditions. 
However, not all atoms have only s electrons in their ground state con- 
figuration, and we consider next some of the consequences. 


5.4.6 Equivalent and Non-Equivalent Electrons ; Energy Levels of 
Carbon 


The ground state electronic configuration of carbon is 1s?2s?2p?, which 
indicates that both the Is and 2s orbitals are filled (and hence contribute 
nothiag to the angular momentum of the atom) while the 2p orbitals are 
only partially filled. The 2p electrons, also, are most easily removed, so it is 
these which normally undergo spectroscopic transitions. r 

Two or more electrons are referred to as equivalent if they have the 
same value of n and of l. Thus the two 2p electrons in the ground state of 
carbon are equivalent (n, = n; = 2, 1, =l, = 1) while the set of 1525 are 
non-equivalent (n, # n; although l, = 1) as are, for example, 2s2p (ny = п 
but 1, #1,). Special care is necessary when considering the total angular 
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momentum of equivalent electrons since restrictions are placed on the . 
values of the quantum numbers which each may have. Let us consider the 
case of 2p? in some detail. 

The first restriction arises from Pauli's principle (Sec. 5.3.1). Since we 
have n, — n, and l, =1, we cannot simultaneously choose l, = l}, and 
S1, = S2,- 
Further restrictions follow from physical considerations. The basic 
principle is that electrons cannot be distinguished from each other and so if 
the energies of two electrons are exchanged we have no way of discovering 
experimentally that such exchange has taken place. The implication is that 
if the values of all four numbers n, l, 1,, and s, for each of two electrons are 
exchanged, the initial situation is identical in every way with the final. 
When considering total momentum and the term symbols of atoms we are 
interested only in different situations and we must not count twice those 
systems which are interconvertible merely by an exchange of all four 
numbers n, |, |, , and s,. Consider some examples chosen from the 2p? case: 


1. We have n, = n;, l, = l, and if we also choose l, = 1,, then we know 


(Pauli’s principle) that if 5, — +4, then s, = —1; alternatively if 
Sı, = — $ then 5, = +4. Now these two cases are completely identical 


because one can be reached from the other by exchanging n, l, |, and s,. 
Thus, while we can consider either set alone as typical of the state, we 
must not consider both together. 
2. Similarly, if we assume s 


1, = S2, then we know |, + 1, . For p electrons 
l = 1 and hence lg 


= 1,0ог — 1. So we might have: 


Si, = S3: load l,,=0or —1 


Note, however, that 
(1, 0) for (L, 1.) is identi 
(—1, 0) and (1, — 1) with 
only three different sets: 


the system represented by the pair of values 
cal with that for (0, 1); (0, — 1) is identical with 
(— 1, 1). Thus we reduce the above six pairs to 


Si, = S2: h = 1 1, = 0 


E ds e 1 


3. Finally we note that if 1 


one pair of values (for example, s, = +4, s= -h +s, = – 
52, = +5) does produce а different situation: physically an electron 


1,# Lh, and з, 4 52,, then interchange of only 
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Table 5.3 Sub-states of two equivalent p electrons (n, = 
n,-2;l-21l,-1) 


L, s? 
b, hy ay А Е 5 А7 
"eT 0 m 
+1 0 +4 +4 +! +1 (b) 
+1 0 +4 -i +1 0 (c) 
+1 0 -à +44} +i 0 (d) 
+1 0 -i -4+ +1 -1 (e) 
+1 -1 +4 nett 0 +1 Q0) 
+1. OU 0 0 (9) 
мозе 0 0 (h) 
EE e 0 Et () 
0 ПЕ: АЛ: 0 0 (i) 
0 —1 +4 +4 -1 +1 (k) 
0 -1 +4 -4 -1 0 () 
о ЕБИ 0 (т) 
о Fe Lud =l (n) 
-1 —1 ШИ. 0 (o) 


already distinguishable by its l, value is being reversed in spin. All four 
numbers п, l, |,, and s, must be exchanged to produce and indistinguish- 
able state. 


Keeping these rules in mind we can construct Table 5.3, in which the 
four columns list combinations of Ї,., l2,» s,,, and s;, leading to different 
energy states (let us call them substrates). We are interested in the total 
energy and so we show in the next two columns the values of /,, + 12, = L; 
and 51, + s2, = S, respectively. The final column merely supplies a con- 
venient label to each substate for the following discussion. The 15 substates 
in the table constitute the z components of the various L and S vectors 
which may be formed from two equivalent p electrons. We can find the term 
symbols in the following way: 


1. Note first that the largest L, value іп the table is L, = +2 (substate (a)), 
and this is associated with S, = 0. L, = +2 must be a z component of 
the state L = 2, that is, one component of a D state, the other compon- 
ents of which are L, = +1, 0, —1, and —2. In the table we can find 
several substates of the requisite L, values, all associated with S, = 0; it 
is immaterial which of the alternatives we choose, so let us take substates 
(с), (9), (I), and (o). Since 5, = 0 the state must be singlet, hence we have: 


1р = substates (a), (c), (д), (D), and (o) 
With L = 2, S = 0 this can only be a *D; state. 
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2. Of the remaining substates the largest L, is +1 associated with S, = +1 
(substate (b). This is plainly one component of a ?P state, the other 
components of which may be selected as: 


3P state: — $,— +1: — L,— 1,0, and —1, that is, (b), (f), (k) 
55—10: L, = 1, 0, and = 1, that is, (d), (h), (m) 
S =t: 21,0; and —1, that is, (e), (j), (n) 


Here we have considered the three components of $ = 1, 5, = +1, 0, and 
—1, to be associated in turn with the components of L = 1. The three 
states listed correspond to term symbols °P, , Ру, and ?P,. 

3. Finally the one remaining substate, (j), has L, = S, = 0 and this plainly 
comprises a ‘Sg state. 


Overall, then, two equivalent p electrons give rise to the three different 
energy states 'D, 'S, and ?P, of which the latter, being a triplet state, has 
three close energy levels 2Р,, ?P,, and ?Р,. Hund’s rule, which we quoted 
in Sec. 5.3.1, may be expressed for equivalent electrons as: ‘The state of 
lowest energy for a given electronic configuration is that having the greatest 
multiplicity. If more than one state has the same multiplicity then the lowest 
of these is that with the greatest L value’. 

Thus for carbon the ground state is the °P, the next in energy is the +D, 
and finally the 'S. We note that this new expression of Hund’s rule implies 
that electrons in degenerate orbitals tend to have their spins parallel (since 
this gives the greatest multiplicity, and hence lowest energy); this in turn 
means that electrons tend to go into separate orbitals since in the same 
orbital they must have paired spins. Thus we are justified in writing the 
electronic structures of carbon, nitrogen, and oxygen as in Table 5.2. 

If now one of the 2p electrons of carbon is promoted to the 3p state we 
have the configuration 1522522р3р. This is an excited state in which the р 
electrons are non-equivalent. The interested student should show, by the 
method of Table 5.3, that six different term symbols can be found for this 
configuration, that is, 15, ! P, +D, 25, °P, and °D. In this case, since n; # 2: 
neither the Pauli principle nor the principle of indistinguishability offers 
restrictions to l, and s, values, and hence more terms result. 

For non-equivalent electrons, however, it is simpler to deal directly 
with L and S values. Thus we have 5; +s,=1 or 0 depending upon 
whether the electron spins are parallel or opposed, while for І, = l, = 1 we 


can have L = 2, 1 or 0. We can then tabulate L, S, and J directly, together 
with their term symbols: 
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1 S J Term symbol 
2 1 3, 2, or 1 3D4 2.1 

2 0 2 TD; 

15 1- ®1ог0 P 

j- 0:728 Sp. 

0 1 1 3285 

0 0 0 157 


and we arrive at the six states listed previously. Note that this direct 
method is not applicable to equivalent electrons because summation of | to 
give L implies that all 1, are allowed: this, we have seen, is not true when 
the electrons are equivalent. 

Many other electronic configurations occur, both for carbon and other 
atoms, in which two or more equivalent electrons contribute to the total 
energy. We shall not discuss these further, however, except to state that 
their total energies and term symbols may be discovered by the same pro- 
cess as exemplified above for 2p electrons. 

We can, however, now conveniently discuss rather more fully the oper- 
ation of the helium-neon laser which was mentioned briefly in Sec. 1.10. 
This is an example of a continuous laser; by means of an electric discharge 
the helium atoms in a mixture of helium and neon are excited and ionized. 
Those which are excited into singlet states decay by emitting radiation until 
they arrive in the ground state once more, ready for re-excitation; those 
excited to triplet.states, however (see Fig. 5.11), can decay only as far as the 
1525 °S, state, which is metastable, since the selection rule AS — 0 prevents 
its reversion to the ground 1s? !S, state. The 1525 3S, state is about 160000 
стг! above the ground state. 

Turning now to the other component of the mixture, neon, this has a 
ground state configuration 1522522р® ! So; it happens that one of its excited 
states, the 1522522р°45', where one of the 2p electrons has been promoted to 
the 4s orbital, is very nearly 160000 cm- 1 above the ground state, so 
collisions between excited helium atoms and ground state neon atoms can 
result in a resonance exchange of energy: 


He* + Ne Не + Ne* 


Thus the electric discharge essentially pumps neon atoms into an excited 
state. This state can undergo spontaneous decay to lower singlet states, but 
here the induced decay is quite important and, if radiation of about 8700 
ст! is present, the decay to 15?2s22p%3p! is induced, while radiation of 
15800 ст”! results in decay to 1522s?2p53s'—it is this latter which gives 
the usual 632.8 nm radiation from this laser. 

The presence of radiation of the appropriate frequency is ensured by 
keeping the helium-neon mixture at low pressure in à tube placed between 
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a pair of highly efficient mirrors. Thus the majority of the radiation js 
repeatedly reflected up and down the tube, and it is only the one per cent or 
so which ‘escapes’ through the mirrors that constitutes the useful output 
from the laser. Nonetheless, because all the available power is concentrated 
into a very narrow, highly monochromatic and coherent beam, these lasers 
are increasingly used as sources of light and power. 


5.5 PHOTOELECTRON SPECTROSCOPY AND X-RAY 
FLUORESCENCE SPECTROSCOPY 


5.5.1 Photoelectron Spectroscopy 


The recently developed technique of Photoelectron Spectroscopy (PES) 
offers an excellent way of studying the electronic energy levels of atoms 
and—as we shall see in Sec. 6.2.5—of molecules too. Basically the method is 
equivalent to measuring the ionization energy of both outer (valence) elec- 
trons and the more firmly bound inner electrons; electrons are ejected from 
atoms or molecules essentially by giving them an energy ‘kick’ of known 
size and measuring the amount of excess energy with which each emerges 
from the atom or molecule. 

For valence electrons the energy is usually provided by radiation from 
a helium lamp, in which low-pressure helium gas is excited by an electric 
discharge. The ‘radiation arises when atoms excited into the 1s2p *P, state 
(cf. Fig. 5.11) by the discharge return to the ground 152 1S, state, and has а 
frequency of 5:14 x 10!5 Hz and a wavelength of 58:4 nm. For our pur- 
poses, however, it is more convenient to think of this radiation as consisting 
of a stream of photons, each of energy hv, that is, 3-41 x 10^ !? J (for those 
who still prefer non-SI units, this figure is equivalent to 21-2 cV). When 
such radiation falls on to a sample atom, one can think of a photon ‘collid- 
ing’ with an electron in the atom and giving up its energy. If the electron is 
held very firmly by its nucleus, 3-14 x 10-18 J may well not be enough to 
dislodge it, but if it is one of the outer electrons, a kick of this magnitude 
will certainly eject it from the atom. If its binding energy is small, say 
0:8 x 107! у (or 5 eV), then it will leave with a kinetic energy equivalent to 
(3-4 — 0:8) x 10718J = 2.6 x 10-18 J, whereas if it is held with an energy 
of, say 32 x 10718 J (20 eV), it will leave with a much smaller kinetic 
energy, only 0:2 x 10718 J. We may write: 


Kinetic energy of ejection = 3-4 x 10718 J — binding energy 
or, more generally: 
Kinetic energy = hv — I (5.26) 


where Лу is the energy of the exciting radiation and І the binding energy 
(ionization potential) of the electron. In order to measure binding energies 
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we clearly need a technique to estimate the kinetic energy, or velocity, of the 
ejected electrons. 

There are two main approaches to this, both shown in Fig. 5.13. In (a) 
the radiation passes along the axis of a metal can, which contains a concen- 
tric metal grid, and which also holds the sample. Electrons ejected from 
sample atoms may pass through the grid and are then collected by the can, 
to be registered as a current by a sensitive electrometer. While the grid is 
uncharged, all the electrons emitted by the sample reach the can and the 
current is at its maximum. If now a negative potential is applied to the grid, 
slow-moving electrons will be repelled and will not reach the can, so the 
current falls. As the grid potential is increased from zero a curve of current 
(ie., relative number of electrons reaching the can) versus grid potential (i.e., 
kinetic energy) can be plotted. 

Figure 5.13(b) shows the second method. Here the electrons ejected 
from the sample are collimated into a beam by a slit in the can and then, 


— ve 


Helium lamp 


To electrometer 


(a) 


Helium lamp 


Electron 
multiplier 


(b) 


Figure 513 Schematic diagrams of the apparatus required for the observation of photoelec- 


tron spectra using (a) the electron retardation method, and (b) the velocity spectrometer 
method, 
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since all electrons have the same mass, they can be sorted into their velo- 
cities by a magnetic field—a simple form of velocity spectrometer akin toa 
mass spectrometer. The path of moving electrons is curved into a circle 
whose radius is directly proportional to their velocity and inversely pro: 
portional to the magnitude of the field, so that increasing the field from zero 
causes electrons of successively higher velocities to be recorded by the 
cascade electron detector. 

The grid method of Fig. 5.13(a) has the advantage of higher sensitivity 
in that electrons emitted in all directions from sample atoms are collected 
by the can, whereas in the velocity spectrometer of Fig. 5.13(b) only those 
electrons passing through the slit are utilized. The latter method is advan- 
tageous, however, when experiments concerning the directional nature (or 
polarization) of the ejected electrons are undertaken. i 

While the 58-4 nm helium radiation is sufficiently energetic to eject 
valence electrons from all other elements, it cannot disturb inner electrons. 
For these the lamp may be replaced by an X-ray source: for example with 
X-rays of 10 nm wavelength, the photon energy is some 2 x 10^!" J (100 
eV), while 1 nm X-rays carry energy of 2 x 107! J (1000 eV) and are 
sufficient to eject electrons from the inner shells of most atoms. 

By means of a combination of radiation sources, then, the energy levels 
of atomic electrons can be measured with some precision. At present elec- 
trons ejected with energies closer than about 1072! J (0-01 eV) cannot be 
distinguished, so it is not yet possible to investigate the finer details of 
atomic energy levels such as J-splitting in smaller atoms. However, the 
broad pattern of observed energies is, of course, quite consistent with cur- 
rent atomic theories. 

In addition, however, the technique has useful potential in chemical 
analysis. Although during compound formation the! valence electrons of 
atoms take up quite new energy levels (see Chapter 6), all the inner orbitals, 
and even some outer ones, are unaffected by bonding. Thus the energies of 
the so-called ‘lone pair’ electrons of elements such as chlorine, oxygen, or 
nitrogen are Scarcely changed by compound formation since they play no 
part in normal bonds, and the characteristic binding energy of these elec- 
trons in each case makes their recognition easy. Equally for inner electrons, 
X-ray sources give spectra from Which the characteristic energy level pat- 
tern of each atom present can be recognized. On the whole, however, it is 
simpler to use the closely related technique of X-ray fluorescence spectros- 
copy for this type of analysis, a method described very briefly in Sec. 5.5.2. 


5.5.2 X-ray Fluorescence Spectroscopy 


When inner electrons are ejected from an atom by an X-ray beam, the 
‘holes’ left in the inner orbitals are rapidly filled by electrons dropping 
down from higher levels; much of the.energy which thev emit during this 
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process appears in the X-ray region, but to lower frequency than the orig- 
inal exciting beam—the substance is said to fluoresce. The emitted second- 
ary X-rays may be readily analysed into their component frequencies by 
diffraction from a crystal surface, since this forms a grating with appropri- 
ately sized spacings for the wavelengths involved. Now since the inner 
orbital energies are quite unaffected by external influences, and since each 
atom has its own quite characteristic pattern of energy levels, X-ray fluores- 
cence spectroscopy is an excellent, rapid, and quite unambiguous method of 
detecting and estimating particular atoms in a sample. The technique is, for 
instance, widely used to estimate the composition of alloys, particularly 
since the analysis is sufficiently rapid for a sample to be withdrawn from the 
melt and analysed in time for adjustments to be made to the bulk alloy 
composition before casting. 


5.6 THE ZEEMAN EFFECT 


We have been concerned in this chapter with two sorts of electronic energy. 
Firstly, there is energy of position—energy arising by virtue of interaction 
between electrons and the nucleus and between electrons and other elec- 
trons іп the same atom. This energy can be described in terms of the n апа! 
quantum numbers, although we have discussed it, rather less precisely, by 
drawing energy level diagrams. Secondly, there is energy of motion—energy 
arising from the summed orbital and spin momenta of the electrons in the 
atom which depends on the l, and s, values of each electron and the way in 
which these are coupled. This gives rise to the fine structure of spectro- 
scopic lines discussed earlier. 

Angular momentum can be considered as arising from a physical move- 
ment of electrons about the nucleus and, since electrons are charged, such 
motion constitutes a circulating electric current and hence a magnetic field. 
This field can, indeed, be detected, and it is its' interaction with exterior 
fields which is the subject of this section. 

We can represent the angular momentum field by a vector n—the 
magnetic dipole of the atom—and it is readily shown that р is directly 
proportional to the angular momentum J and has the same direction. If the 
electron is considered as a point of mass m and charge e, then we have: 


e 
silex ri 
ш 2т 


(Here we use the SI unit of magnetic field, the tesla (Т), which is equivalent 
to 10000 gauss in electromagnetic units.) But quantum mechanics indicates 
that the electron is not a point charge and a more exact expression for p is: 


h - 
ge ge La 1 (5.27) 
= — ye Eee JT 
u 251 28 ( 157, 
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where g is a purely numerical factor, called the Landé splitting factor. This 
factor depends on the state of the electrons in the atom and is given by: 


з SS+1)- LL +1), 
22 2J(J +1) 


In general g lies between 0 and 2. 

We now recall (cf. Eq. (5.13) for one electron) that J can have either 
` integral or half-integral components J, along a reference direction, depend- 
ing upon whether the quantum number J is integral or half-integral. Figure 
5.14(a) shows this for a state with J = 3, the 2J + 1 components being given 
in general by: 


(5.28) 


TaJ De его у (5.29) 


Further, since p is proportional to J, p will also have components in the z 
direction which are given by: 


ra fe (5.30) 


These are shown diagrammatically at Fig. 5.14(b). If now an external field is 
applied to the atom, thus specifying the previously arbitrary z direction, the 
atomic dipole p will interact with the applied field to an extent depending 
on its component in the field direction. If the strength of the applied field is 
B, then the extent of the interaction is simply џи, В,: 


heg 


Interaction = AE = р, B, = — dim 
лт 


B, J (5.31) 
In this equation we have expressed the interaction as AE since the appli- 
cation of the field splits the originally degenerate energy levels correspond- 
ing to the 2J + 1 values of J, into 2J + 1 different energy levels. This is 
shown for J — in Fig. 5.14(c). It is this splitting, or lifting of the degener- 
acy on the application of an external magnetic field, which is called the 
Zeeman effect after its discoverer. 

The energy splitting is very small; the factor he/4nm in Eq. (5.31), 
known as the Bohr magneton, has a value of 9:27 х 10-74 J T^! ; thus for 
9 = 1, and for an applied field В, of one tesla (that is, 10000 gauss), the 
interaction energy is only some 107 ?? joules, which in turn is of the order 
0:5 cm~*. This small splitting is, of course, reflected in a splitting of the 
spectral transitions observed when a magnetic field is applied to an atom. 
In order to discuss the effect on the spectrum we need one further selection 
rule: 


AJ, =0, +1 


Let us consider the doublet lines in the sodium spectrum produced, as 
we have discussed in Sec. 5.3.2, by transitions between the 7S,). states and 
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the ?Р, з and Ру states. When a field B, is applied to the atom, the 25, р 
and 2Р, > states are both split into two (since J = 1, 27 + 1 = 2), while the 
a is split into four. The extent of the splitting (Eq. (5.31)) is proportional 
to the g factor in each state and, from Eq. (5.28) we can easily calculate: 


2512: S=4,L=0, J = 1, hence g =2 

"Pin: S=4,L=1,J=4, hence g =4 

Psa: S=4,L=1, J = $, hence g = 1] 
and we see that the *S,,., 2Р,,, and ?P,; levels are split in the ratio of 
3: 1:2. We show the situation in Fig. 5.15. On the left of the figure we see 
the energy levels and transitions before the field B, is applied; the levels are 
unsplit and the spectrum is a simple doublet. On the right we see the effect 
of the applied field. The spectrum shows that the original line due to the 


78,5 °P з transition disappears and is replaced by four new lines, while 
the ?$,,,— Р, transition is replaced by six new lines. 
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Figure 5.15 The Zeeman effect on transitions between 25 and 


: a ?P states. The situation before 
the field is applied is shown on the left, that after on the right. 
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The effect described above is usually referred to as the anomalous 
Zeeman effect—although, in fact, most atoms show the effect in this form. 
The normal Zeeman effect applies to transitions between singlet states only 
(e.g., the transitions of electrons in the helium atom shown on the left of 
Fig. 5.11). For singlet states we have: 


284-121 hence S=0 
. J=L and g=1 (cf. Eq. (5.28)) 


Thus the splitting between all singlet levels is identical for a given applied 
field and the corresponding Zeeman spectrum is considerably simplified. 

In general, the Zeeman effect can give very useful information about the 
electronic states of atoms. In the first place, the number of lines into which 
each transition becomes split when a field is applied depends on the J value 
of the states between which transitions arise. Next the g value, deduced 
from the splitting for a known applied field, gives information about the L 
and S values of the electron undergoing transitions. Overall, then, the term 
symbols for various atomic states can be deduced by Zeeman experiments. 
In this way all the details of atomic states, term symbols, etc., discussed 
above, have been amply confirmed experimentally. 


5.7 THE INFLUENCE OF NUCLEAR SPIN 


The nuclei of many atoms are known to be spinning about an axis. We 
shall discuss at some length in Chapter 7 the spectrum which this spin may 
give rise to in the radiofrequency region, but it is pertinent here to consider 
very briefly what effect such spin may have on the electronic spectra of 
atoms. 

The nuclear spin quantum number I may be zero, integral, or half- 
integral depending on the particular nucleus considered. Thus the nuclear 
angular momentum, given by 


l= .JI(I-r 1) = = \/I(I + 1) units (5.32) 


can have values 0, Jan, 2 / 15/2, etc. : 
The effect of I on the spectrum can be understood if we define the total 
momentum (electronic 4- nuclear) of an atom by F: 


F = //F(F + 1) E = JJ F(F + 1) units (5.33) 
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where F is the total momentum quantum number. If, as before, J is the total 
electronic quantum number, then we may write 


е] (5.34) 


thus giving 27 + 1 or 21 + 1 different energy states, whichever is the less. 

The energy-level splitting due to nuclear spin is of the order 107° that 
due to electron spin; thus extremely fine resolving power is necessary for its 
observation and it is normally referred to as hyperfine structure. 


5.8 CONCLUSION 


This completes all we have to say about atomic spectroscopy. In the next 
chapter we extend the ideas introduced here to cover the electronic spectra 


of simple molecules, and we shall briefly discuss the techniques of electronic 
spectroscopy. 
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PROBLEMS 
(Useful constants: R = 109 677-581 cm^*; 1 cm^! = 11-958 J mol" !.) 


5.1 Calculate the first three lines in the absorption spectrum arising from transitions from the 
3s level of the hydrogen atom; what is the ionization energy of this level? 


5.2 The term symbol for a particular atomic state is quoted as 4р з. What are the values of 
L, S, and J for this state? What is the minimum number of electrons which could give rise to 
this? Suggest a possible electronic configuration. 


5.3 What are the term symbols for the following pairs of non-equivalent electrons: (a) ss, (b) 
pp, (c) sd, and (d) pd? 


5.4 What are the term symbols for the following pairs of equivalent electrons: (а) s?, (b) p°, 
and (c) 42? 


5.5 The term symbols for particular states of three different atoms are quoted as *S,, 7D5,2, 
and ?P,; explain why these are erroneous. 

5.6 Figure 5.7 (p. 170) shows the three transitions arising between *P and ?D states; into how 
many lines would each of these transitions split if a magnetic field were applied? (Assume that 
the g-value is different for each energy level.) 

5.7 Show that the р? configuration with equivalent electrons contains the states 20, 2Р, and 


*$. Which state is lowest in energy? What additional states arise if the electrons are non- 
equivalent? 
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In the first section of this chapter we shall discuss, in some detail, the 
electronic spectra of diatomic molecules. We shall find that the overall 
appearance of such spectra can be considered without assuming any know- 
ledge of molecular structure, without reference to any particular electronic 
transition, and indeed, with little more than a formal understanding of the 
nature of electronic transitions within molecules. In Sec. 6.2 we shall sum- 
marize modern ideas of molecular structure and show how these lead to a 
classification of electronic states analogous to the classification of atomic 
states discussed in the previous chapter. Section 6.3 will extend the ideas of 
Secs 6.1 and 6.2 to polyatomic molecules and Sec. 6.4 will deal briefly with 


experimental techniques. 


6.1 ELECTRONIC SPECTRA OF DIATOMIC MOLECULES 


6.1.1 The Born—Oppenheimer Approximation 


ctra of diatomic molecules we may 


As a first approach to the electronic spe 
tion previously mentioned in Sec. 


use the Born-Oppenheimer approxima 
32; in the present context this may be written: 
(6.1) 


Esai cx Esiectronic xs E;ivration i Езоп 
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which implies that the electronic, vibrational, and rotational energies of a 
molecule are completely independent of each other. We shall see later to 
what extent this approximation is invalid. A change in the total energy of a 
molecule may then be written: 


АЕ ы = AE cee, + AE vin, AES J 
or 
Авы = Ав. Ma + Авы, ст! (6.2) 
The approximate orders of magnitude of these changes are: 
Astes. © Abyin, X 10° © Ag х 106 (6.3) 


and so we see that vibrational changes will produce a ‘coarse structure’ and 
rotational changes a ‘fine structure’ on the spectra of electronic transitions. 
We should also note that whereas pure rotation spectra (Chapter 2) are 
shown only by molecules possessing a permanent electric dipole moment, 
and vibrational spectra (Chapter 3) require a change of dipole during the 
motion, electronic spectra are given by all molecules since changes in the 
electron distribution in a molecule are always accompanied by a dipole 
change. This means that homonuclear molecules (for example, Н, or N3), 
which show no rotation or vibration-rotation spectra, do give an electronic 
spectrum and show vibrational and rotational structure in their spectra 
from which rotational constants and bond vibration frequencies may be 
derived. 

Initially we shall ignore rotational fine structure and discuss the 
appearance of the vibrational coarse structure of spectra. 


6.1.2 Vibrational Coarse Structure: Progressions 
Ignoring rotational changes means that we rewrite Eq. (6.1) as 


Eu = Ел... + Ед, J 


or 


боз = elec. + Evin. стт! (6.4) 
From Eq. (3.12) we can write immediately: 


быа = Ectec. + (v + 39, — x(o + 20, cm^! (0=0,1,2,..) (6.5) 


The energy levels of this equation are shown in Fig. 6.1 for two arbitrary 
values of г... As in previous chapters the lower states аге distinguished by 
a double prime (v", бе), while the upper states carry only a single prime 
(v, £i... Note that such a diagram cannot show correctly the relative 
separations between levels of different ¢,,..., on the one hand, and those 
with different v' or v" on the other (cf. Eq. (6.3), but that the spacing 


ELECTRONIC SPECTROSCOPY OF MOLECULES 199 


between the upper vibrational levels is deliberately shown to be rather 
smaller than that between the lower; this is the normal situation since an 
excited electronic state usually corresponds to a weaker bond in the mol- 
ecule and hence a smaller vibrational wavenumber ©,- 

There is essentially no selection rule for v when a molecule undergoes 
an electronic transition, i.e., every transition t"— v has some probability, 
and a great many spectral lines would, therefore, be expected. However, the 
situation is considerably simplified if the absorption spectrum is considered 
from the electronic ground state. In this case, as we have seen in Sec. 3.1.3, 
virtually all the molecules exist in the lowest vibrational state, that is, 
г” = 0, and so the only transitions to be observed with appreciable intensity 
are those indicated in Fig. 6.1. These are conventionally labelled according 
to their (v', v”) numbers (note: upper state first), that is, (0, 0), (1, 0), (2, 0), 
etc. Such a set of transitions is called a band since, under low resolution, 
each line of the set appears somewhat broad and diffuse, and is more 
particularly called a v' progression, since the value of v' increases by unity 
for each line in the set. The diagram shows that the lines in a band crowd 
together more closely at high frequencies; this is a direct consequence of the 
anharmonicity of the upper state vibration which causes the excited vibra- 
tional levels to converge. 
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Figure 6.1 The vibrational ‘coarse’ structure of the band formed during electronic absorption 
from the ground (r" = 0) state to à higher state. 
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An analytical expression can easily be written for this spectrum. From 

Eq. (6.5) we have immediately: 
Дема = Део. at Ав дь, 
pec, = (& — €") + {0 + HO, — xiv’ + 120) 

—{@” + Da? — xio” + 3907) стт! (6.6) 
and, provided some half-dozen lines can be observed in the band, values for 
@,, X,, 0, and X,, as well as the separation between electronic states, 
(e’ — e"), can be calculated. Thus the observation of a band spectrum leads 
not only to values of the vibrational frequency and anharmonicity constant 
in the ground state (©; and х”), but also to these parameters in the excited 
electronic state (©, and Xe). This latter information is particularly valuable 
since such excited states may be extremely unstable and the molecule may 
exist in them for very short times; nonetheless the band spectrum can tell us 
à great deal about the bond strength of such species. 

We shall see later that molecules normally have many excited electronic 
energy levels, so that the whole absorption spectrum of a diatomic molecule 
will be more complicated than Е ig. 6.1 suggests: the ground state can 
usually undergo a transition to several excited states, and each such tran- 
sition will be accompanied by a band spectrum similar to Fig. 6.1. 

Further, in emission spectra the previously excited molecule may be in 
one of a large number of available (E, 0) states, and has a similar multitude 
of (£", v") states to which it may revert. Thus emission spectra are usually 


extremely complicated, and a great deal of care and patience is needed for a 
complete analysis. 


6.1.3 Intensity of Vibrational-Electronic Spectra: the Franck-Condon 
Principle 


Although quantum mechanics imposes no restrictions on the change in the 
vibrational quantum number during an electronic transition, the vibrational 
lines in a progression are not all Observed to be of the same intensity. In 
Some spectra the (0, 0) transition is the strongest, in others the intensity 
increases to a maximum at some value of v', while in yet others only a few 
vibrational lines with high v' are seen, followed by a continuum. All these 
types of spectrum are readily explicable in terms of the Franck-Condon 
principle which states that an electronic transition takes place so rapidly that 
а vibrating molecule does not change its internuclear distance appreciably 
during the transition. 

We have already seen in Chapter 3 how the energy of a diatomic 
molecule varies with internuclear distance (cf. Fig. 3.3). We recall that this 
figure, the Morse curve, represents the energy when one atom is considered 
fixed on the r = 0 axis and the other is allowed to oscillate between the 
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Energy 


E — > Internuclear distance 


Figure 6.2 The probability distribution for a diatomic molecule according to the gni 
theory. The nuclei are most likely to be found at distances apart given by the maxima of the 
curve for each vibrational state. 


limits of the curve. Classical theory would suggest that the oscillating atom 
would spend most of its time on the curve at the turning point of its motion, 
since it is moving most slowly there; quantum theory, while agreeing "od 
this view for high values of the vibrational quantum number, shows that ‘or 
v = 0 the atom is most likely to be found at the centre of its motion, i.e., at 
the equilibrium internuclear distance req.: For v = 1, 2,3, --- the most pb. 
able positions steadily approach the extremities until, for high v, the quanta 
and classical pictures merge. This behaviour is shown in Fig. 6.2 where we 
plot the probability distribution in each vibrational state against inter- 
nuclear distance. Those who have studied quantum mechanics will realize 
that Fig. 6.2 shows the variation of y? with internuclear distance, where y 
is the vibrational wave function. н 
If a diatomic molecule undergoes а transition into an upper electronic 
state in which the excited molecule is stable with respect to arcane s 
its atoms, then we can represent the upper state by a Morse curve simular 1 
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Figure 6.3 The operation of the Franck-Condon principle for (a) internuclear distances equal 
in upper and lower states, (b) upper-state internuclear distance a little greater than that in the 
lower state, and (c) upper-state distance considerably greater. 


outline to that of the ground electronic state. There will probably (but not 
necessarily) be differences in such parameters as vibrational frequency, equi- 
librium internuclear distance, or dissocation energy between the two states, 
but this simply means that we should consider each excited molecule as a 
new, but rather similar, molecule with a different, but also rather similar, 
Morse curve. 

Figure 6.3 shows three possibilities. In (a) we show the upper electronic 
state having the same equilibrium internuclear distance as the lower. Now 
the Franck-Condon principle suggests that a transition occurs vertically on 
this diagram, since the internuclear distance does not change, and so if we 
consider the molecule to be initially in the ground state both electronically 
(&") and vibrationally (v’ = 0), then the most probable transition is that 
indicated by the vertical line in Fig. 6.3(a). Thus the strongest spectral line 
of the v" — 0 progression will be the (0, 0). However, the quantum theory 
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only says that the probability of finding the oscillating atom is greatest at 
the equilibrium distance in the v = 0 state—it allows some, although small, 
chance of the atom being near the extremities of its vibrational motion. 
Hence there is some chance of the transition starting from the ends of the 
v" = 0 state and finishing in the v' = 1, 2, etc., states. The (1, 0), (2, 0), etc., 
lines diminish rapidly in intensity, however, as shown at the foot of Fig. 
6.3(а). 

In Fig. 6.3(b) we show the case where the excited electronic state has a 
slightly greater internuclear separation than the ground state. Now a verti- 
cal transition from the v" = 0 level will most likely occur into the upper 
vibrational state v' — 2, transitions to lower and higher v' states being less ' 
likely; in general the upper state most probably reached will depend on the 
difference between the equilibrium separations in the lower and upper 
states. In Fig. 6.3(с) the upper state separation is drawn as considerably 
greater than that in the lower state and we see that, firstly, the vibrational 
level to which a transition takes place has a high v’ value. Further, tran- 
sitions can now occur to a state where the excited molecule has energy in 
excess of its own dissociation energy. From such states the molecule will 
dissociate without any vibrations and, since the atoms which are formed 
may take up any value of kinetic energy, the transitions are not quantized 
and a continuum results. This is shown at the foot of the figure. We con- 
sider the phenomenon of dissociation more fully in the next section. 

The situation is rather more complex for emission spectra and for 
absorption from an excited vibrational state, for now transitions take place 
from both ends of the vibrational limits with equal probability; hence each 
progression will show two maxima which will coincide only if the equi- 
librium separations are the same in both states. 


6.1.4 Dissociation Energy and Dissociation Products 


Figure 6.4(a) and (b) shows two of the ways in which electronic excitation 
can lead to dissociation (a third way called _predissociation, will be con- 
sidered in Sec. 6.1.7). Part (a) of the figure represents the case, previously 
discussed, where the equilibrium nuclear separation in the upper state is 
considerably greater than that in the lower. The dashed line limits of the 
Morse curves represent the dissociation of the normal and excited molecule 
into atoms, the dissociation energies being р; and Do from the v = [U state 
in each case. We see that the total energy of the dissociation products (i.e.. 
atoms) from the upper state is greater by an amount called E.. than that of 
the products of dissociation in the lower state. This energy is the excitation 
energy of one (or rarely both) of the atoms produced on dissociation. : 
We saw in the previous section that the spectrum of this system consists 
of some vibrational transitions (quantized) followed by a continuum (non- 
quantized transitions) representing dissociation. The lower wavenumber 
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(a) (b) 


Figure 6.4 Illustrating dissociation by excitation into (a) a stable upper state, and (b) a contin- 
uous upper state. 


limit of this continuum must represent just sufficient energy to cause disso- 
ciation and no more (i.e, the dissociation products separate with virtually 
zero kinetic energy) and thus we have 


асе limit) = А Е E cni (6.7) 


and we see that we can measure D% , the dissociation energy, if we know 
Е, the excitation energy of the products, whatever they may be. Now, 
although the excitation energy of atoms to various electronic states is 
readily measurable by atomic spectroscopy (cf. Chapter 5), the precise state 
of dissociation products is not always obvious. There are several ways in 


which the total energy Dý + E.,, may be separated into its components, 
however; here we shall mention just two. 


Firstly, thermochemical studies often lead to an approximate value of 
Do and hence, since Dj + E, is accurately measurable spectroscopically, a 
rough value for Е,, is obtained. When the spectrum of the atomic products 
is studied, it usually happens that only one value of excitation energy 
corresponds at all well with Е,, . Thus the state of the products is known, 
E,,, measured accurately, and a precise value of Do deduced. 

Secondly, if more than one Spectroscopic dissociation limit is found, 
corresponding to dissociation into two or more different states of products 
with different excitation energies, the separations between the excitation 
energies are often found to correspond closely with the separations between 


ELECTRONIC SPECTROSCOPY OF MOLECULES 205 


only one set of excited states of the atoms observed spectroscopically. Thus 
the nature of the excited products and their energies are immediately 
known. 

In Fig. 6.4(b) we illustrate the case in which the upper electronic state is 
unstable: there is no minimum in the energy curve and, as soon as a mol- 
ecule is raised to this state by excitation, the molecule dissociates into 
products with total excitation energy E,,. The products fly apart with 
kinetic energy Exinetic Which represents (as shown on the figure) the excess 
energy in the final state above that needed just to dissociate the molecule. 
Since Елене 18 not quantized the whole spectrum for this system will ex- 
hibit a continuum the lower limit of which (if observable) will be precisely 
the energy Dj + Ej. As before, if E,,. can be found from a knowledge of 
the dissociation products, Do can be measured with great accuracy. 

We shall see in Sec. 6.2.1 what sort of circumstances lead to the mini- 
mum in the upper state (Fig. 6.4(a)) on the one hand, or the continuous 
-upper state (Fig. 6.4(b)) on the other. 

In many electronic spectra no continua appear at all—the internuclear 
distances in the upper and lower states are such that transitions near to the 
dissociation limit are of negligible probability—but it is still possible to 
derive a value for the dissociation energy by noting how the vibrational 
lines converge. We have already seen in Chapter 3 (cf. Eq. (3.12), that the 
vibrational energy levels may be written: 


e = (0 + 00, — х0 + o, cm. k (6.8) 
and so the separation between neighbouring levels, Ae, is plainly: 
Ae = £541 — & 
= @,{1 — 2x{v + 1)} em! (6.9) 


This separation obviously decreases linearly with increasing v and the disso- 
ciation limit is reached when Ae— 0. Thus the maximum value of v is given 


by Vmax., Where: 


à ry 2X (Umax. + 1)} =0 


о (6.10) 


Umax. 2x, 


. =2 
We recall that the anharmonicity constant, Xe; is of the order 10^ ?, hence 


Vmax, i$ about 50. р f 
We saw in Sec. 3.1.3, that two vibrational transitions (in the infra-red) 
were sufficient to determine x, and @,. Thus, an example given there for 
HCI yielded ©, = 2990 cmi- t, x, = 00174. From Eq. (6.10) we calculate 
Umax, = 27:74 and the next lowest integer is v = 27. Replacing 0 = 21, à, = 
2990 cm! and x, = 0:0174 into Eq. (6.8) gives the maximum value of the 
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vibrational energy as 42890 ст! or 513-0 kJ mol” *. This is to be com- 
pared with a more accurate value of 427-2 kJ mol! evaluated thermo- 
chemically. 

The discrepancy between these two figures arises from two causes. 
Firstly, the infra-red data only allows us to consider two or three vibra- 
tional transitions (the fundamental plus the first and second overtones). The 
electronic spectrum, as we have seen, shows many more vibrational lines (in 
fact the number is limited not by quantum restrictions, but by the Franck- 
Condon principle) and we shall get a better value of ро if we make use of 
this extra data. Secondly, we have assumed that Eq. (6.8) applies exactly 
even at high values of v; this is not true because cubic and even quartic 
terms become important at this stage. Because of these, Ac decreases more 
rapidly than Eq. (6.9) suggests. 

Both these points may be met if we plot the separation between vibra- 
tional transitions, Ae, as observed in the electronic spectrum, against the 


Figure 6.5 Birge-Sponer extrapolation to determine the dissociation energy of the iodine 
molecule, I,. (Taken from the data of R. D. Verma, J. Chem. Phys., vol. 32, p. 738 ( 1960), by 
kind permission of the author.) 
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vibrational quantum number. Initially, Eq. (6.9) will apply quite accurately 
and the graph will be a straight line which may be extrapolated either to 
find Vmax. or, since the dissociation energy itself is simply the sum of all the 
increments Ac from v = 0 to v = Vmax., the area under the Ae versus v graph 
gives this energy directly. Such a linear extrapolation was first suggested by 
Birge and Sponer and is usually given their name. 

On the other hand, if extensive data are available about a set of 
electronic-vibration transitions, the graph of Ae versus v will, at high v, 
begin to fall off more sharply as cubic and quartic terms become significant. 
In this case the most accurate determination of dissociation energy is ob- 
tained by extrapolating the smooth curve and finding the area beneath it. 
Figure 6.5 shows this process for data on iodine vapour given by R. D. 
Verma, J. Chem. Phys., 32, 738 (1960). 

In absorption spectra it is normally the series of lines originating at 
v" — 0 which is observed (cf. Fig. 6.1). Thus the convergence of the levels in 
the upper state and hence the dissociation energy of that state is normally 
found. While this in itself is of great interest, particularly since molecules in 
excited states usually revert to the ground state within fractions of a micro- 
second, the dissociation energy in the ground state can be found quite easily 
provided, as before, the dissociation products and their excitation energy 
are known. Thus, in Fig. 6.4(a), if we know Esx. (from atomic spectroscopy), 
and р, (from Birge-Sponer extrapolation), and if we can measure the 
energy of the (0;-0) transition either directly or by calculation from the 
observed energy levels, we have: 


Р” = energy of (0, 0) + Do — ЕС (6.11) 


6.1.5 Rotational Fine Structure of Electronic—Vibration Transitions 


So far we have seen that the electronic spectrum of a diatomic molecule 
consists of one or more series of convergent lines constituting the vibra- 
tional coarse structure on each electronic transition. Normally each of these 
‘lines’ is observed to be broad and diffuse or, if the resolution is sufficiently 
good, each appears as a cluster of many very close lines. This is, of course, 
the rotational fine structure. АЛ, 

То a very good approximation we can ignore centrifugal distortion and 
we have the energy levels of a rotating diatomic molecule (cf. Eqs (2.11) and 


(2.12)) as: 


Exot =" 7 4 = ВА +1) em (J =0, 182: 55) (6.12) 
BEIC 

Where I is the moment of inertia, B the rotational constant, and J the 

rotational quantum number. Thus, by the Born-Oppenheimer appro 

imation, the total energy (excluding kinetic of translation) of a diatomic 
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molecule is: 
Frotal = Eetec. + Evin, + BJ(J + 1) cm ^! (6.13) 
Changes in the total energy may be written: 
Далы = Al &aea, + Evin} + A(BJU + Diem"! (6.14) 


and the wavenumber of a spectroscopic line corresponding to such a change 
becomes simply: 


Vepect. = Jo) A(BJ(J + 1)) стт! (6.15) 


where we write Fws , to represent the wavenumber of an electronic- 
vibrational transition. This plainly corresponds to any one of the tran- 
sitions, for example, (0, 0) or (1, 0), etc., considered in previous sections. 
Here we are mainly concerned with A(BJ(J + 1)). 

The selection rule for J depends upon the type of electronic transition 
undergone by the molecule. We shall discuss these in more detail in Sec. 
6.22; for the moment we must simply state that if both the upper and lower 
electronic states are !X states (i.e. states in which there is no electronic 
angular momentum about the internuclear axis), this selection rule is: 


AJ= +1 only for {У !Y transitions (6.16) 


whereas for all other transitions (i.e., provided either the upper or the lower 


states (or both) have angular momentum about the bond axis) the selection 
rule becomes: 


AJ =0, or +1 (6.17) 


For this latter case there is the added restriction that a state with J =0 
cannot undergo a transition to another J = 0 state: 


J=04J=0 (6.18) 


Thus we see that for transitions between 1X states, P and R branches only 
will occur, while for other transitions Q branches will appear in addition. 
We can expand Eq. (6.15) as follows: 


Vapect. = Yor y+ B'J'(J' + 1) — B'J"(" + 1) стс! (6.19) 


where B' and J' refer to the upper electronic state, B" and J” to the lower. 
When we considered vibration—rotational spectra in Chapter 3, we saw (cf. 
Sec. 3.4) that the difference between B values in different vibrational levels 
was very small and could be ignored except in explaining finer details of the 
spectra. But this is by no means the case in electronic spectroscopy: here we 
have seen, when discussing the Franck-Condon principle in Sec. 6.1.3, that 
equilibrium internuclear distances in the lower and upper electronic states 
may differ considerably, in which case the moments of inertia, and hence B 
values, in the two states will also differ. We cannot say a priori which of the 
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two B values will be greater. Quite often the electron excited is one of those 
forming the bond between the nuclei; if this is so, the bond in the upper 
state will be weaker and probably longer (cf. Fig. 6.3(b) or (c)) so that the 
equilibrium moment of inertia increases during the transition and B de- 
creases. Thus B’ < B". The reverse is sometimes true, however, e.g., when 
the electron is excited from an antibonding orbital (see Sec. 6.2.2). 

We can discuss the rotational fine structure quite generally by applying 
the selection rules of Eqs (6.16), (6.17), and (6.18) to the expression for 
spectral lines, Eq. (6.19). We may note, in passing, that the treatment given 
here for the P and R branch lines is identical with that given in Sec. 3.4 for 
the vibration-rotation spectrum, except that there we were concerned with 
В, and B,—B values in lower and upper vibrational states. Here our con- 
cern is with B values in lower and upper electronic states, B" and B', and we 
also consider the formation of a Q branch. 

Taking the P, R and Q branches in turn: 


1. P branch: AJ = —1, J" = J' +1 
Ac = ip =Ўш му (BB + 1) + (ВОВ ДО + 1) стт! 
where J’ = 0, 1, 2, ... (620a) 
2. R branch: AJ = +1, J = J" +1 
Ac = Vg = Vw, yy (B. + BY" + 1) + (B — BJ" + 1} стт! 
where J” = 0, 1, 2, ... (6.206) 


These two equations can be combined into: 
Vp, к = Pwo + (BY + В)т + (В' — B")m? ст”! 
where m= +1, +2,... (6.20) 


positive m values comprising the R branch (ie., corresponding to AJ = 
+ 1) and negative values the P branch (AJ = — 1). Note that m cannot be 
zero (this would correspond in, e.g. the P branch, to J' = —1 which is 
impossible) so that no line from the P and R branch appears at the band 
origin Vi, ,^ We draw the appearance of the R and P branches separa- 
tely in Fig. 6.6(a) and (b) respectively, taking a 10 per cent difference 
between the upper and lower B values and choosing B' « B". Note that, 
with this choice, P branch lines occur on the low wavenumber side of the 
band origin and the spacing between the lines increases with m. On the 
other hand the R branch appears on the high wavenumber of the erigin 
and the line spacing decreases rapidly with m—so rapidly that the lines 
eventually reach a maximum wavenumber and then begin to return to 
low wavenumbers with increasing spacing. It will be remembered that 


+ The returning lines of the R branch coincide with earlier lines if Eq. (6.206) is obeyed 
exactly. For real molecules cubic and quartic terms become important at high values of m. 
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in Sec. 3.4, a similar decrease in spacing was observed in the R branch 
but this was much too slow for a convergence limit to be reached; the 
rapid convergence here is due simply to the magnitude of B' — B". The 
point at which the R branch separation decreases to zero is termed the 
band head. 

3. Q branch: AJ = 0, Ј = J" 


Ав = yo = Fw, yy + (B' — BJ" + (В — BIJ com. 
where J” = 1, 2, 3,... (621) 


Note that here J” = J' +0 since we have the restriction shown in Eq. 
(6.18). Thus again no line will appear at the band origin. We sketch the Q 
branch in Fig. 6.6(c), again for B' < B" and a 10 per cent difference 
between the two. We see that the lines lie to low wavenumber of the 
origin and their spacing increases. The first few lines of this branch are 
not usually resolved. 


The complete rotational spectrum is shown in Fig. 6.6(4). We have seen 
in Sec. 2.32 that many rotational levels are populated even at room tem- 
perature; consequently, a large number of the P and R (and Q, where 
appropriate) lines will appear in the spectrum with comparable intensity. 
The spectrum is usually dominated by the band head, since here several of 
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Figure 6.6 The rotational fine structure of a particular vibrational-electronic transition for a 
diatomic molecule. The R, P, and Q branches are shown Separately at (a), (b), and (c) respec- 
tively, with the complete spectrum at (d). 
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the R branch lines crowd together; for this reason, the Q branch is not very 
apparent if it occurs. 

In the situation we have been discussing (В < B") the band head 
appears in the R branch on the high wavenumber side of the origin; such a 
band is said to be degraded (or shaded) towards the red—i.e., the tail of the 
band where the intensity falls off points towards the red (low-frequency) end 
of the spectrum. If, on the other hand, B’ > B", then all our previous argu- 
ments are reversed. Briefly: (1) the Q branch spreads to high wavenumber, 
(2) the R branch (still, of course, on the high wavenumber side) consists of a 
series of lines with increasing separation, and (3) the band head appears in 
the P branch to low frequency of the origin. Such a band is shaded to the 
violet. 

Normally, all the vibrational bands in any one electronic transition 
(e.g., the set of bands shown as a line spectrum in Fig. 6.1) are shaded in the 
same direction, while different electronic transitions in the same molecule 
may well show different shadings. Thus, observation of the shading may 
assist in the analysis of a complex spectrum. However, it may happen that 
different shadings are observed in bands belonging to the same electronic 
transition. This is because the B’ and B" values are not altogether indepen- 
dent of the vibrational state (as we have already seen in Sec. 3.4) so that, if 
B' — B" is small, it may reverse sign for some higher vibrational levels. This 
behaviour is observed, for example, in the molecular fragment AIF, but is 
rare. 


6.1.6 The Fortrat Diagram 


We may rewrite the expressions for the P, R, and Q lines, Eq. (6.20c) and 
(6.21), with continuously variable parameters p and q: 


Ўр r = Jy, oy (B. + BP + (B' — Bp? (6.22a) 
Ўо = 9.09 + (В — B)q + (B — B"? (6.22b) 


when we see that they each represent a parabola, p taking both positive and 
negative values, while q is positive only. We sketch these parabolae in Fig. 
6.7 choosing, as before, B' « B" and a difference of 10 per cent between 
them, and labelling regions of positive p with Vp and negative p with y,. 
These parabolae are usually referred to as the Fortrat parabolae. If we now 
illustrate the fact that p and q may in fact take only integral values (but not 
zero) by drawing circles round the allowed points on the parabolae, we can 
then read off the ӯ values of the spectral lines directly from the graph. We 
show at the foot of the figure the first few lines of each branch with dotted 
leader lines connecting spectrum and Fortrat diagram at intervals. 
A useful property of the Fortrat diagram is that the band head is 
plainly at the vertex of the P, R parabola. We may calculate the position of 
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Figure 6.7 The Fortrat diagram sketched for a 10 рет cent difference between B' and B" (with 


B' « B"). The spectrum illustrated at the foot is identical with that of Fig. 6.6(d). 


the vertex by differentiation of Eq. (6.22a): 


dip к 7 
“B= B'4.B" + (B — Вур 
di TB" + 2% )р=0 
ог 
В +В” 
р=— x m for band head (6.23) 


Thus if В’ < В” (upper state has longer equilibrium bond length) the band 
head occurs at positive p values (i.e., in the R branch), the line at maximum 
wavenumber being given by the nearest Positive integer to p. Conversely, 
for B' > B" the band head Occurs in the region of p negative, i.e., іп the P 
branch. A simple calculation shows that for a 10 per cent difference between 
B' and B" the band head occurs at p x 10. 


6.1.7 Predissociation 


If a large number of vibrational transitions are observed for a particular 
molecule, it sometimes happens that the vibrational and rotational struc- 
ture are quite distinct within a progression for large and small changes in 
the vibrational quantum number, but either the rotational Structure is 
blurred or a complete continuum is observed for intermediate changes. A 
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Figure 6.8 Diagrammatic illustration of the appearance of predissociation. The rotational fine 
structure is clearly defined for vibrational transitions both above and below the predissocia- 
tion region, but in this region the fine structure becomes blurred and lost. 


diagram showing the appearance of such a band is sketched in Fig. 6.8. A 
continuum at high wavenumber would correspond to ordinary dissociation 
(cf. Sec. 6.1.4) but the central continuum, occurring at energies well below 
the true dissociation limit, is referred to as predissociation. 

Predissociation can arise when the Morse curves of a particular mol- 
ecule in two different excited states intersect; one such possibility is shown 
in Fig. 6.9. One of the excited states is stable, since it has a minimum in the 
curve, and the other is continuous. Some of the vibrational levels are also 
shown, and let us suppose a transition takes place from some lower state 


Energy 


from lower 
state 


Figure 6.9 Showing the occurrence of predissociation during transitions into a stable upper 
state intersected by a continuous state. 
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into the vibrational 'evels shown bracketed on the left. Now if a transition 
takes place into the levels labelled a, b, or c, a normal vibrational-electronic 
Spectrum occurs complete with rotational fine Structure; two such bands 
appear at the left of Fig. 6.8. If the transition is to levels d, e, or f there is a 
possibility that the molecule will ‘cross over’ on to the continuous curve 
and thus dissociate. In general, transition from one curve to another in this 
way (a so-called radiationless transfer since no energy is absorbed or emitted 
in the process) is faster than the time taken by the molecule to rotate 
(7107? s) but usually slower than the vibrational time (~ 10713 s). Thus 
predissociation will occur before the molecule rotates (and thus all rotation- 
al fine structure will be destroyed in the spectrum), while the vibrational 
Structure is usually not destroyed. If the cross-over is faster than the vibra- 
tional time, then a complete continuum will occur in the spectrum as shown 
in Fig. 6.8. 


time at the extreme ends of its vibrational motion when v is large, and very 
little time in between. When moving in the vibrational states g, h, ..., the 
molecule spends insufficient time near the cross-over point for appreciable 
dissociation to occur and a normal spectrum results. 


6.1.8 Diatomic Molecules: a Summary 


When the rotational fine structure of electronic spectra can be resolved—as 
it normally can for diatomic molecules—we see that a great-deal of useful 


molecule will cause a slight difference in the rotational constant, so such 
isotopes may be detected, and their concentrations measured from the band 
intensity. Equally, the vibrational levels of the electronic states can be deter- 
mined from the position of band origins; these lead to the evaluation of 
fundamental vibration frequencies, of bond force constants and, perhaps, of 
dissociation energies too. The latter, however, are more accurately deter- 
mined if a continuum is Observed at the end of a band spectrum. 

Where data obtained from such Spectra can be checked independently, 
е.р., by microwave or infra-red Spectroscopy, by X-ray or neutron diffrac- 
tion, or by thermochemical methods, perfectly satisfactory agreement is 


Probably the most important application of this type of spectroscopy is 
to the study of excited states and unstable radicals. Thus we have seen that 
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B values and dissociation energies are obtained for both the upper and 
lower electronic states—and data for the upper state are not obtainable by 
other means. Further, considerable amounts of energy are involved in the 
production of electronic spectra, and complex molecules are frequently dis- 
rupted into fragments during the process, the fragments, or free radicals, 
normally being very short-lived. Examples are legion, a few of the more 
important diatomic ones being CH, NH, C;, OH, CN, etc. Spectra arising 
from these radicals can be recognized and studied, leading to the determi- 
nation of bond lengths, force constants, dissociation energies, etc. Further, if 
the variation of the intensity of such spectra over short periods of time is 
studied—as in the techniques of flash photolysis—information can be ob- 
tained about the rate at which the radicals are produced and destroyed. 
Since the length of time during,which some radicals have an independent 
existence is measured in microseconds or less, it is remarkable that many 
such ‘diatomic molecules’ are as well characterized as, for example, the 
rather more stable Н, or CO. 


62 ELECTRONIC STRUCTURE OF DIATOMIC 
MOLECULES 


6.2.1 Molecular Orbital Theory 


Several theories have been suggested to account for the formation of mol- 
ecules from atoms. All, if taken to a sufficiently high degree of approx- 
imation, seem to agree with observed data, but the calculation involved is 
so extensive that complete agreement is seldom reached and then only in 
the simplest examples. Here we shall discuss just one of these theories—the 
molecular orbital theory; we choose this, not because it is better or simpler 
than others (such considerations depend upon the particular problem in 
hand and are, in any case, largely subjective), but because it gives a conve- 
nient pictorial representation of molecule formation which is particularly 
suited to the discussion of electronic transitions, and because the ideas it 
uses are entirely analogous to those of atomic structure which we have 
discussed in the previous chapter. 

Thus we have seen that electrons in atoms do not occupy space hap- 
hazardly or have arbitrary energies, but that their distribution and energy 
are governed by well-defined natural laws. These characteristics may be 
calculated from the Schródinger equation and expressed in terms of a, three- 
dimensional wave function, or orbital, y, which depends on the values of 
three quantum numbers, n, l, and m (or 1); the spin of the electron also 
contributes to the energy. Definite rules determine which orbitals are 
occupied in the ground state and what transitions may take place between 
orbitals. 
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` Molecular orbital theory supposes orbitals to extend about, and em- 
brace, two or more nuclei, the shape and energy of these orbitals being 
calculable from the Schrödinger equation in terms of three quantum num- 
bers. Essentially the same rules (ie., lowest energy first, maximum of two 
(paired) electrons per orbital, parallel spins in degenerate orbitals) apply to 
their filling as to the filling of atomic orbitals, 

The situation is relatively simple for diatomic molecules where the 
molecular orbital embraces two nuclei only and we shall discuss these 
molecules in some detail first. The extension to polyatomic molecules will 
be outlined in Sec. 6.3. 


6.2.2 The Shapes of Some Molecular Orbitals 


As in atomic orbital theory (cf. Sec. 5.1.2) the shape of a molecular orbital is 
the space within which an electron belonging to that orbital will spend 95 
per cent (or some other arbitrary fraction) of its time. While detailed com- 
putation of these shapes from the Schrédinger theory may be extremely 
difficult, a very good qualititative idea of their approximate shape may be 
obtained by considering molecular orbitals to be made up of sums and 
differences of the atomic orbitals of the constituent atoms—the so-called 
linear combination of atomic orbitals (LCAO) approximation. Thus for a 
diatomic molecule we could imagine the formation of two different molecu- 
lar orbitals whose wave functions would be: 


Wmo. = Wy + V; or Wo. = V1 — V; (6.24) 


Where y, and у, are the relevant atomic orbitals of the two atoms. Note 
that the function y; — y, is identical with V; — Wa, since it is V2, which 
represents the probability of finding an electron in a particular place. 

Let us consider the hydrogen molecule, H, , as an example; the obvious 


atomic orbitals to use are the 1s orbitals of each atom. Figure 6.10(a) shows 
the situation: 


Vu; = Vi, + Yis (6.25) 


We recall from the previous chapter (Eq. (5.2)) that V1, is everywhere posi- 
tive in value and so, where the atomic orbitals overlap, the value of y, a will 
be increased. This suggests (and detailed calculation confirms) that the 
molecular orbital of Eq. (6.25) is a simple ellipsoid, symmetrical in shape. 
The concentration of electronic charge between the nuclei acts as a sort of 
cement keeping the nuclei together and thus this orbital represents the 
formation of a bond between the atoms. It is called a bonding orbital and 
given the label 1sc since it is produced from two 1s orbitals (we shall see 
later that с has a similar significance regarding the orbital angular 
momenta of molecular electrons as s has for atoms). 
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End-view 
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Figure 6.10 The formation of (a) a bonding Iso orbital and (b) an antibonding 1so* orbital 
from two atomic 1s orbitals. 


On the other hand, Fig. 6.10(b) shows the situation for 
Vu; = Wis IE. Wis (6.26) 


Since, again, y, is everywhere positive, where the two separate Ws orbitals 
overlap, they will cancel each other. Thus between the nuclei Ymo. will be 
zero, while it will be positive near one nucleus and negative near the other 
(remember that it is y? which determines probability and this is, in either 
case, positive). Now, however, the shape of the molecular orbital shows that 
electronic charge, far from being concentrated between the nuclei, is greatest 
Outside them; thus the nuclear repulsion is enhanced and the orbital is 
described as antibonding. It leads to a state of higher energy than two 
separate atoms and is labelled 1so*, the asterisk representing high energy. 
Figure 6.10 also shows, at the extreme right, an end-view of these orbitals. 
They are both seen to have cylindrical symmetry about the bond axis; it is 
this property which leads to their both being described as 0 orbitals al- 
though in other respects they have quite different appearances. ` 

Another facet of orbital symmetry should be mentioned here. If the 
molecule considered is homonuclear (i.e., made of two identical atoms) then 
the midpoint of the bond between them is a centre of symmetry—starting 
from any point in the molecule, on or off the internuclear axis, exactly 
similar surroundings are encountered by proceeding to the point diagonally 
opposite the centre. Such a process is known as inversion, and such molecu- 
lar properties as electron density, force fields, etc., are quite unchanged by 
inversion. However, we note that y (as opposed to y?) may or may not be 
changed in sign by inversion. Thus inversion of the 150 molecular orbital of 
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Fig. 6.10(а) plainly causes no change in yw since it is everywhere positive; 
this orbital, in which y is completely symmetrical, is described as even and 
usually given the symbol g (German: gerade — even) as a suffix: 1sc,. On 
the other hand the 1sc* orbital in (b) of the figure is antisymmetrical, since 
inversion reverses the sign of V. This orbital is thus odd and given the 
subscript и, 150, or 1sc* (German: ungerade — odd). In the case of molecu- 
lar hydrogen, then, the bonding orbital is even, the antibonding is odd; this 
situation may be reversed for other molecular orbitals as we shall see. 

If the molecule is heteronuclear (for example, CO, НСІ, etc.) then there 
is no centre of symmetry and the odd-even classification of orbitals does 
not arise. 

Before turning to the shapes of other molecular orbitals, it is instructive 
to consider how the energy of the lso, and 1so* orbitals varies with the 
distance between the nuclei. This variation may be calculated from the 
Schródinger equation and the result is shown in Fig. 6.11. The lso, the 
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Figure 6.11 The variation of energy 


with internuclear distance in the bonding and anti- 
bonding orbitals, 1sc, and 150%. 
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bonding orbital, shows a typical Morse curve for a diatomic molecule, the 
minimum in the curve showing that a bond is formed between the atoms. 
The 1sc£ , on the other hand, shows no minimum, but is one of the ‘contin- 
uous’ curves already discussed in Sec. 6.1.4. In this case the dissociation 
limits of the two curves coincide since the dissociation products are 
identical—two hydrogen atoms. The relationship of the orbitals sketched in 
Fig. 6.10 to the energy curve is shown by superimposing the molecular 
orbitals at their appropriate equilibrium internuclear distance and the 
separate atomic orbitals at a lárge distance. 

Two 2s atomic orbitals can form 250, and 2so¥ bonding and anti- 
bonding orbitals with identical shape to (but larger and with higher energy 
than) the 1so, and 1so¥ orbitals. Two 2p-type orbitals can overlap in two 
different ways depending on their relative orientation. If we label the inter- 
nuclear axis the z direction, then we may consider first the 2p orbital which 
lies along this axis for each atom, i.e., the 2p, orbitals. Now the expression 
for the wave function of a 2p, orbital has the form y?,, = zf (r), where f (r) is 
a positive function of distance from the nucleus. We see then, that for +z 
directions y is also positive, while it is negative for —z. The two lobes of a 
2p orbital thus have opposite signs of y (although, of course, ^ is every- 
where positive). 

We draw these orbitals and indicate their signs on the left of Fig. 6.12 
and it is evident that in the molecular orbital 


Wmo. = Wap. + Wap. (6.27) 


the electron density between the nuclei is cancelled to zero and the orbital 
will have the shape shown at the top right of the figure. Similarly in’ 


V mo. = Wap: — Ҹар: (6.28) 
C»«29 .( 
sum wi 
i ie difference 
LPO 
ape, 
(a) 


Figure 6.12 The formation of (a) a bonding 2pc, and (b) an antibonding 2po? orbital from two 
atomic 2p, orbitals, where the z axis is taken as the internuclear axis. 
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Figure 6.13 The formation of bonding (2рл,) and antibonding (2pn7) orbitals from two atomic 
2p, orbitals, the z axis being the internuclear axis. Atomic 2p, orbitals would form identical 
molecular orbitals except that all lobes would be rotated through a right angle about the z 
axis. 


` the electron density increases between the nuclei and the shápe is shown at 
the bottom right of the figure. Plainly the latter is bonding, and consider- 
ation of its symmetry shows that it is even (g), while the former is plainly 
antibonding and odd (u) in character. The end-view of both is the same, 
however, and shows symmetry about the bond axis; for this reason both are 
referred to as o orbitals and they may be labelled 2рс, and 2po%* respec- 
tively to indicate their origin. 

The overlap of two 2p, orbitals is shown in Fig. 6.13 (2p, are exactly 
similar but rotated out of the plane of the paper through 90°). The summed 
orbitals, which are bonding, are sketched at bottom right and we see that 
the molecular orbital formed consists of two streamers, one above and one 
below the nuclei. The end-view of this orbital is shown at the extreme right ; 
it has the appearance of an atomic p orbital and hence it is labelled л. In 
this case the bonding orbital is evidently odd, so we have a 2p, state. 

On the other hand, if the atomic orbitals are subtracted the orbital 
picture shown at top right of Fig. 6.13 is produced. This has a similar 
end-view to 2pz,,, is antibonding and even, hence it is labelled Ld 

More complex orbitals exist—ó, ф, etc., formed by interaction between 
d, f, etc., atomic orbitals—but they need not concern us; the simple mol- 
ecules with which we shall deal use o and z orbitals only. We do need to 
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Figure 6.14 Molecular orbital energy level diagrams for (a) molecules other than hydrogen, 
and (b) the hydrogen molecule. ` 


know, however, the order of increasing energy of the molecular orbitals so 
far discussed so that we can consider the ground states of some atoms. This 
we show diagrammatically (and by no means to scale) in Fig: 6.14(a), where 
we also indicate, to the right and left, the atomic orbitals which combine to 
form each molecular state. As drawn here the diagram represents the situ- 
ation for the larger molecules such as №,, О, and F;; for smaller molecules 
such as Li,, the 2pz,, 2pa,, and 2saf become overlapped, while for the 
lightest molecule of all, H,, the situation is as shown in Fig. 6.14). Неге, 
because in'the separate atoms the 2s and 2p orbitals have identical energies, 
the molecular orbitals take up the order shown. Using these diagrams and 
the Pauli principle (not.more than two electrons to each orbital) we can 
build up the electronic configurations of simple molecules. Some examples 
follow: 


Firstly hydrogen, Н,: in the ground state of this molecule the two 1s atomic 
electrons, one from each atom, can both occupy the molecular 150, 
provided their spins are opposed. The energy of the electrons in this 
state, as we can see from Figs. 6.11 and 6.14(b), is lower than that of two 
separate atoms, hence the molecule is stable. We can write its configur- 
ation 1502. 
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Next helium, He;: if this molecule were to form it would have a total of 
four electrons to place into orbitals, two from each atom. Only two of 
these could go into the 1sa,; the other two would have to go into 150%. 
But we can see from Figs 6.11 and 6.14(a) that more energy would be 
absorbed by the latter than evolved by the former, hence the molecule 
is unstable with respect to the atoms. 

Thirdly, nitrogen, N;: the two atoms each have an electronic configuration 
15225?2p? (cf. Table 5.2), so we have a total of 14 electrons to dispose of, 
in pairs, into the molecular orbitals of Fig. 6.14(a); clearly the configur- 
ation will be 15021502250225022ро22рпе (where we omit the asterisks to 
avoid confusion). As a good проп we can allow the bonding 
and antibonding contributions of the 102 and 1502 to cancel, and 
similarly with the 2502 and 2502. We are left, then, with three pairs of 
electrons in bonding orbitals, the 2po, and the 2pz,, so we conclude 
that the molecule has a triple bond. 

Finally, oxygen, O,: each atom has one electron more than the nitrogen 
atom (Table 5.2), and clearly the lowest available orbital in Fig. 6.14(a) 
is the antibonding 2pn,. Two electrons in this orbital effectively cancel 
the bonding contribution of a pair in the 2pz,, and we are left with a 
net bonding of four electrons, i.e., a double bond. One unusual charac- 
teristic of the structure of O, concerns the two electrons in the anti- 
bonding 2pz,. Since there are here two degenerate orbitals, the 
electrons will occupy one each to satisfy electron repulsion; however, 
according to Hund's rule (p. 186) which applies to molecules just as to 
atoms, they will preferentially have their spins parallel rather than 
paired. Thus O, is a molecule containing some unpaired electrons—a 
structural characteristic which gives it its most unusual magnetic 
properties. 


6.2.3 Electronic Angular Momentum in Diatomic Molecules ; 
Classification of States 


We found in Sec. 5.2, that the total energy of an electron, while depending 
mainly on its average distance from the nucleus (represented by the quan- 
tum number n) also depends on its orbital and spin angular momenta 
(quantum numbers / and s) and on the way in which these are coupled 
together (quantum number j). For several electrons in an atom we found 
that their separate energies can be combined in different ways to produce a 
variety of states; simple rules allow the ground state to be predicted in any 
particular case. 

Much the same comments apply to electrons in molecules. Thus a 
single electron in a molecule has a quantum number n specifying the size of 
its orbital and mainly determining its energy, and a number l specifying its 
orbital angular momentum. Small letters s, p, d, . . . are used, as before, to 
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designate | values of 0, 1, 2, . . .. However, it will be remembered that in 
order to discuss the components of I we required to invoke some reference 
direction called the z direction; in a diatomic molecule a reference direction 
is already quite obviously specified—the inernuclear axis, or bond—and it 
would be perverse (not to say wrong) to discuss the components of l along 
any other direction. Furthermore, a force-field exists along this direction 
due to the presence of two nuclear charges; therefore different | components 
are not degenerate but represent different energies. 

The axial component of orbital angular momentum is of more import- 
ance in molecules than the momentum itself and for this reason it is given 
the special symbol 4. Formally 4 = |1,1, so that 4 takes positive integral 
values or is zero, and we designate the / state of an electron in a molecule 
by using the small Greek letters corresponding to the s, p, d, . . . of atomic 
nomenclature. Thus we have, for 


1-20 E РЕ 
А ООЗЕ 
and the symbols аге 0, 1, 0, Q, ... 


Since å has positive values only, each 4 state with À > 0 is doubly degener- 
ate, because it corresponds to l, being both positive and negative. The 
significance of 4 is that the axial component of orbital angular 
momentum = Ah/2n or A units. 

The total orbital angular momentum of several electrons in a molecule 
can be discussed, as for atoms, in terms of the quantum number L = Xi, 
El — 1, etc, with L — J/L(L + 1)h/2n, but again the axial component, 
denoted by A, is of greatest significance. Since, by definition, all individual 
À lie along the internuclear axis, their summation is particularly simple. We 
have 


ASA (6.29) 
and states are designated by capital Greek letters ©, П, A, etc. for A = 0, 1, 
2,.... We must take into account, when using Eq. (6.29), that the individ- 


ual 4; may have the same or opposite directions and all possible com- 
binations which give a positive A should be considered. Thus for a 7 and a 
ô electron (4, = 1, 4; = 2) we could have A = 1 or 3 (but not — 1), that is, a 
II or a 6 state. 

Electron spin momentum, on the-other hand, is not greatly affected by 
the electric field of the two nuclei—we say the spin-axial coupling 1s weak, 
whereas the orbital-axial coupling is usually strong. Normally, therefore, 
we use the same notation for electronic spin in molecules as Іп atoms; the 
total spin momentum S is given by SIS +1) where the total spin quan- 
tum number $ is: 


S = ES, ES, — 1, 2$, 2,5 ОГО КЫ) 
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The multiplicity of a molecular state is, as for atoms, 2S + 1 and this is 
usually indicated as an upper prefix to the state symbol. Thus for the П and 


*Q states discussed in the previous paragraph, the states would be written ?II 


or 2Ф if the individual л and 6 electron spins are parallel (S = 3 + } = 1, 
25 + 1 = 3), or as ‘П or !Ф if the spins are paired. 

When the axial component of a spin is required, however, it is often 
designated by с for a single electron or X for several (corresponding to s 
and 5 for the atomic case). In this case the multiplicity is 22 + 1. 

Finally, we consider the axial component of the total electronic angular 
momentum, ie, the sum of the axial components of spin and orbital 
motion. In general the total momentum is strongly coupled to the axis and 
its axial component is more significant than the momentum itself. If we 
write theiaxial component as Q we have simply: 


О = [л + Х| (6.31) 


but we must remember that A and X may have the same or opposite 
directions along the internuclear axis. Thus in the ?II state described above 
we have A = 1, > = 1, hence Q = 2 or 0. The 'I state has Л = 1, > = 0, 
hence we: have О = 1 only. These states would be indicated by writing their 
О values as subscripts: ?IL, , ?II, , ?II,. 

Perhaps it will assist the student if we draw up a table (Table 6.1) 
showing the symbols used to designate the various sorts of angular momen- 
tum in atoms and molecules, together with their axial components, for one 
or more electrons. 


Table 6.1 Comparison of symbols used for electronic angular mo- 
menta 
E Ne eae br a SET ^ 


Orbital Spin Total 
momentum momentum momentum 
For atoms 
Single electron l (symbol s, р, d for 
120,1,2, ...) 5 ј 
Single electron 
(z component) (& 5 ЈЕ 
Several electrons L (symbol S, P, D for 
L=0,1, 2,...) 5 Ј 
Several electrons 
(2 component) Li S, Jj 
For molecules 
Single electron l s Ją (seldom used) 
Single electron А (symbol о, л, б, for 
(axial component) A=0, 1, 2,...) c w 
Several electrons L 5 J, (seldom used) 
Several electrons A (symbol Z, II, A, for 
(axial component) A-0152... ^om Q 


SEE a a БАШНЫ 


| 
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6.2.4 An Example: the Spectrum of Molecular Hydrogen 


Before turning to polyatomic molecules, let us see how the above ideas may 
be applied to the simplest molecule, H,. We shall consider first the nature 
of the ground state and some excited states of the molecule and how these 
relate to occupancy of the molecular orbitals of Fig. 6.14(b); then the energy 
of these states and, finally, what transitions may arise between them. The 
student may find it helpful to discover the many points of similarity 
between the discussion which follows and that given in Sec. 5.4.5 on helium. 

The hydrogen molecule contains two electrons, one contributed to by 
each of the atoms. We would thus expect to find singlet and triplet states, 
depending on whether the electron spins are paired or parallel. In the 
ground state both electrons will occupy the same lowest orbital, i.e., the Isa, 
of Fig. 6.14(b) and, by Pauli’s principle, they must then form a singlet state. 
Both electrons are с electrons (since both are in a с orbital) hence 4, = 
4, = 0 and A = 0 also; the state is thus ‘ХУ. We could indicate the value of 
Q as a subscript (О = A + X = 0 + 0 = 0, since У = 0 for singlet states) but 
it is more informative to specify the symmetry (g or u) of the orbital. In this 
case both electrons are in the same д orbital, hence the total state is *2,. 

A further subdivision of X states is normally made, representing 
another facet of molecular symmetry. In any diatomic molecule (whether 
homo- or heteronuclear) any plane drawn through both nuclei is a plane of 
symmetry, i.e., electron density, shape, force fields, etc., are quite unchanged 
by reflection in the plane. However, the wave function of the electron, y, - 
may either be completely unchanged (symmetrical) or changed in sign only 
(antisymmetrical) with respect to such a reflection (in either case, of course, 
V? is unchanged). The former states are distinguished by a superscript + 
and the latter by — . For several reasons this division is made for У states 
only and nearly all such states are in fact +. Certainly all the states of 
hydrogen are symmetric. 

Thus the ground state of molecular hydrogen can be written: 


Ground state: (1so,)* ‘54 


A large number of excited singlet states also exist; let us consider some 
of the lower ones for which one electron only has been raised from the 
ground state into some higher molecular orbital, i.e, singly excited states. 
We can ignore promotion into any of the starred states of Fig. 6.140), since. 
this would lead to the formation of an unstable molecule and immediate 
dissociation (cf. Fig. 6.11, where the placing of an electron in each of the o, 
and c* orbitals produces dissociation into two H atoms). Thus we P 
consider the three possible excited states (10,250), (1so,2po,), and. 
( 1so,2pm,). 

, Taking (1so,2so,) first: here both electrons are a electron 
4, +å, = 0 and, since we are considering only singlet states, 


trons, hence A = 
S — 0 also. 
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Further, since both constituent orbitals are even and symmetrical, the 
overall state will be the same, and we have (1s6,2s6,) X7 ; 

Now (15о,2ро,): here we again have a 1X state since both electrons are 
с, but the overall state is now odd (и); this may be rationalized if we think 
of one electron as rising from a hydrogen atom in the even 15 state, and the 
other from an odd 2p state—the combination of an odd and an even state 
leading to an overall odd state. Thus (15о,2ро,) ! Z;. 

Finally the (1so,2pz,): now A = 4, + 4, = 1, since one electron is in a x 
state and, again since one electron originates from a 2p orbital, the com- 
bined state is и: !II,. 

The energies of these three states increase in the order of the constituent 
molecular orbitals, as shown in Fig. 6.14(b), i.e., 


iot É 1ypt 

ZI CIE 
Similar states are obtained by excitation to the 3s and 3p states, to the 
4s and 4p states, etc. Also for n = 3, 4, .. . there exists the possibility of 
excitation to the nd orbital. It may be shown by methods similar to those 


above that interaction between 1s and nd electrons can lead to the three 
configurations and state symbols in increasing energy: 


(1so ndo) !Xj < (15с пал) ‘П, < (1sc пад) *A, 
: Some of these energy levels are shown at the left of Fig. 6.15. Tran- 
sitions between them can occur according to the selection rules: 


L AA —0, +1 (6.32) 


Triplet States 


Singlet States 
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Figure 6.15 The singlet and triplet energy levels of the hydrogen molecule. One electron only 
is assumed to undergo transitions, the other remaining in the 150 state. 
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Thus transitions E — X, X — II, П «П, etc., are allowed, but E e А, for 
example, is not. 
2. AS =0 (6.33) 


For the present we are concerned only with singlet states so this rule 
does not arise. 
3. AQ =0, +1 (6.34) 


This follows directly from 1 and 2 above. 

4. There are also restrictions on symmetry changes. E* states can undergo 
transitions only into other X* states (or, of course, into П states) while 
=~ go only into £~ (or П). Symbolically: 


у єз X eX Et6r (6.35) 
And finally: 
деи gpg ифи (6.36) 


We show а few allowed transitions from the ground state and the 
lowest excited state in Fig. 6.15. $ 

Let us now consider some of the triplet states of molecular hydrogen, 
ie., those states in which the electron spins are parallel and hence S = 1. 
Plainly both electrons cannot now occupy the same orbital so the state of 
lowest energy will be either (150,250,), (150,2ро,), or (1so,2pz,). The first 
two are evidently ?Z states, the third is ?II, and, following the rules outlined 
above, we can write down their state symbols and order of energies as: 


(15о,2ро,) ?Zj < (1so,2p7,) ЗП, < (1so,2s0,) 25. 


These energy levels are shown оп the right of Fig. 6.15, together with those 
formed by the introduction of 3d and 4d orbitals. (The very small splitting 
of the levels into states with different Q = A + S is ignored in the figure.) A 
few of the allowed transitions are shown from the (150250) state, but it 
should be particularly noted that, because of the selection rule AS = 0 given 
in Eq. (6.33), transitions are not allowed between singlet and triplet states, 
ie., between the two halves of Fig. 6.15. 

Transitions are not shown from the lowest ?Z, state on Fig. 6.15, that 
is, the lowest triplet state. This is not because transitions are forbidden, but 
because the state is the continuous one shown in the upper half of Fig. 6.1, 
the 1so,. Thus in this state the molecule immediately dissociates into atoms · 
before further transitions can occur. The energy level shown for this state In 
Fig. 6.15 is the lower limit, i.e., the dissociation limit, and in fact the state 
extends continuously from this limit up to the top of the diagram. Part of 
Fig. 6.11 is reproduced on Fig. 6.15 to underline the relationship between: 
them. 

Thus although the hydrogen spectrum will be complicated by the pre 
sence of vibrational and rotational structure on each of the transitions 
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sketched in the figure, basically the overall pattern consists of sets of 
Rydberg-like line series from which the positions of the energy levels can be 
found. 


6.2.5 Molecular Photoelectron Spectroscopy 


Photoelectron spectroscopy and its application to atoms has been described 
in Sec. 5.5; here we want to discuss the information which this technique 
can give us about diatomic molecules. To do this we shall use the oxygen 
molecule as an example. 

Photoelectron spectroscopy relies on the ejection of an electron, and 
consequent formation of an ion, under the influence of a beam of radiation; 
two ways in which this can happen for О, are shown in Fig. 6.16. Part (a) 
shows the upper four energy levels of the O, molecule, and the way in 
which they are filled in the ground state (cf. the discussion on p. 222). The 
ionization process requiring least energy is the removal of an electron from 
the 2pz, level (an antibonding electron) as shown in (b); the resulting О} is 
in its lowest possible energy state, so we may refer to it as the ground state 
of O7 . Alternatively, part (c) shows the removal of a bonding 2pz, electron, 
requiring somewhat more energy, and resulting in the formation of an 
excited O7 . Other more highly excited states can be formed by the ejection 
of more firmly bound electrons (e.g., the 2po, or the 2so,). 

It should, perhaps, be mentioned here that the usual notation for ^ 
and its ions describes the ground state molecule as 528 (triplet, since $ = 
+4=1, and Z since the electrons’ angular momenta are opposed, so A = 
A, + A, =1—1=0), while the ground state of ОЎ is 771, (doublet, since 
there is only one unpaired electron spin), and the excited state is *П, (three 


unpaired spins, hence quartet). We shall not use this шоп һеге, 
however. 
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Figure 6.16 (a) The occupied molecular energy levels in the O, molecule: each circle rep- 
resents an electron. The excitation of an electron (dotted) is shown ín the formation of Oj in 
(b) the ground state, and (c) the first excited state. 
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The observed photoelectron spectrum of O; confirms this pattern of 
energy levels, since it indicates electrons having an ionization potential of 
about 1:9 x 107 !? J (12:1 eV) and twice as many electrons with an ioniza- 
tion potential of about 2:6 x 107 18 J (16-2 eV)—clearly these correspond to 
the two 2pz, electrons and the four 2pz, electrons respectively. Higher 
ionization potentials are found for the more firmly held electrons. Thus 
photoelectron spectroscopy immediately gives us a quantitative estimate of 
the relative energies of the various molecular orbitals in the oxygen mol- 
ecule or, of course, of any other diatomic molecule which can be studied by 
this technique. 3 

The О? ions formed in this way are stable, but short-lived, molecules. 
That is to say, in the absence of electron capture (when they revert to О,) 
they have no tendency to dissociate into O and O*, but behave like ordi- 
nary diatomic molecules. In particular they vibrate and rotate. We illustrate 
the situation for O, and O7, both in their ground states, in Fig. 6.17(a). 
Ultra-violet spectroscopy shows that the equilibrium bond lengths of these 
two molecules are 0-121 nm for О, and 0-112 nm for Of and, if we take 
the v = 0 state of O, as the arbitrary zero of energy,-then the v = 0 state of 
OZ is some 1:9 x 107+" J (the ionization potential) above this. Because of 
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Figure 6.17 (a) The formation of ground state О; from О, and (b) the resulting fine uuu 


of the photoelectron spectrum. 
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the difference in the equilibrium internuclear distances, the Franck-Condon 
rule (Sec. 6.1.3) indicates that a jump from the ground vibrational state of 
O; will populate several vibrational states of О? ; this behaviour is con- 
firmed by the high-resolution photoelectron spectrum, shown diagram- 
matically in Fig. 6.17(b), which shows a set of discrete ionization potentials, 
each corresponding to ionization into a particular vibrationally excited 
state of O7. The spacing between the peaks, about 0-37 x 10^ !? J (or 
0:23 eV), corresponds to the spacing between the vibrational energy levels 
of the OF molecule, which in turn, as we remember from Chapter 3, 
is equal to the vibrational frequency of the molecule. Since 
1000 cm^! = 0:2 x 1077? J, the spacing gives a vibrational frequency for 
О; of about 1850 cm~!. This should be compared with the fundamental 
frequency of the О, molecule itself, determined from Raman spectroscopy, 
of 1580 cm~!; we see that, very reasonably, removal of an antibonding 
electron to form O} in its ground state results in the formation of a strong- 
er, shorter bond. 

Similarly observation of the fine structure of the 2:6 x 10718 J ioniza- 
tion potential reveals a vibrational splitting of some 0:24 x 107 !? J 
(0:15 eV) or 1200 cm- '—a lower frequency than O, itself, consistent with 
the ionization of a bonding electron. 

In general then, observation of a high-resolution photoelectron spec- 
trum can give information on the vibrational frequency of diatomic molecu- 
lar ions, even though their lifetimes may be of the order of microseconds or 
less. At present the resolving power of the technique is some 5 x 107?! J; in 
other words lines closer than about 250 cm~! cannot be distinguished from 
each other. Thus rotational fine Structure cannot yet be studied, but an 
improvement in resolution by a factor of 10 would allow the rotational 
levels of ionized hydrides (for example, HF or HCI) to be studied, while a 
further factor of 10 would open the way to the study of rotational states of 


the majority of diatomic molecules. Such developments are breathlessly 
awaited. 


63 ELECTRONIC SPECTRA OF POLYATOMIC 
MOLECULES 


We have seen in Sec. 3.7 that the vibrational frequencies of a particular 
atomic grouping within a molecule, for example, CH,, C=O, C=C, etc., 
are usually fairly insensitive to the nature of the rest of the molecule. Other 
bond properties, such as length or dissociation energy, are also largely 
independent of the surrounding atoms in a molecule. Since all these proper- 
ties depend, in the final analysis, on the electronic Structure of the bond, it is 
plain that we тау, аќ least as an approximation, discuss the structure, and 
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hence the spectrum, of each bond in isolation. Bonds for which this approx- 
imation is adequate are usually said to have ‘localized’ molecular orbitals, 
ie. orbitals embracing a pair of nuclei-only; other molecules, for which this 
approximation is invalid, have non-localized orbitals and are often called 
‘conjugated’. We shall meet some examples of this latter class shortly. 

When each bond may be considered in isolation, it is evident that the 
complete electronic spectrum of a molecule is the sum of the spectra from 
each bond. The result will plainly be very complex, but a great deal of 
information about the molecule is contained within it. Thus if some band 
series can be recognized for a particular bond we immediately know the 
vibrational frequency of that bond and probably a good estimate of its 
dissociation energy also. If the rotational structure is resolved, then we have 
the moment of inertia (from the line spacing) and hence information about 
the shape and size of the molecule. 

Such detailed information is usually obtainable only for molecules stud- 
ied in the gas phase: in pure liquids, or in solution, molecular rotation is 
hindered and no rotational structure will be observed. The blurring of the 
rotational structure often masks the vibrational line series also, and the 
electronic spectrum of a liquid is usually rather broad and characterless. 
However, as we shall discuss shortly, it may still be highly characteristic of 
a particular molecular grouping both in its frequency and its intensity. 

Confining our attention, for the moment, to gas-phase spectra, we have 
already remarked that one of the more important advantages of electronic 
spectroscopy is that the vibrations, rotations, dissociation energies, and 
structures of molecules may be investigated in their. excited states, even 
though a particular molecule may exist in such a state for not much longer 
than the time it takes to complete a few rotations. We have not the space to 
discuss this topic in detail, but one aspect is especially interesting—the fact 
that electronic excitation often leads to a change in shape of the molecule. 
That this happens can be seen by studying rotational fine structure in the 
spectra; here we briefly discuss the theoretical basis for its occurrence. 


6.3.1 Change of Shape on Excitation 


In Fig. 6.18 we show the orbital picture of a hydride Н,А where A is any 
polyvalent atom, both in its bent configuration (a), with a bond angle of 
90°, and in a linear form (b), bond angle 180°. We have seen in Sec. 5.1, that 
the p orbitals of an atom are at right angles to each other, so we can readily 
imagine the rectangular molecule to be formed by interaction of two of 
these p orbitals with hydrogen 1s orbitals, leaving the third p orbital un- 
affected; the latter is called a ‘non-bonding’ orbital since it plays no part in 
bonding A and H together, and in general it will have a-higher energy than 
bonding orbitals. In Fig. 6.18(a) we label the non-bonding orbital (which is 
out of the plane of the paper) N;, the two bonding molecular orbitals 
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Figure 6.18 The orbital pictures for an AH, molecule where the AH bonds are (a) at 90°, and 
(b) at 180°. In (c) is shown qualitatively the change in energy of the various orbitals as the 
bond angle changes from 90 to 180°. (Adapted, with the kind permission of the author, from 
A. D. Walsh, J. Chem. Soc., 1953, p. 2262.) 


formed from the p and 1s atomic orbitals as a, and a, and the unused (and 
hence non-bonding) atomic orbital s of A simply as s. 

In the linear molecule a new principle must be introduced—that of 
orbital hybridization. For this, atom A is supposed to mix its s orbital with 
one of its p orbitals and, from these two orbitals, to form two new 
orbitals—hybrids—which, it may be shown theoretically, point at 180° to 
each other. These sp hybrids form rather stronger bonds to other atoms 
than separate s and p orbitals, so it is energetically favourable, in certain 
cases, for the atom to ‘prepare’ hybrid orbitals at the moment of bond 
formation. In this configuration (Fig. 6.18(b)), there are now two non- 
bonding p orbitals, labelled N, and N,, and two bonding orbitals formed 
by overlap between sp hybrids and hydrogen 1s, called b, and b,. 

Now, remembering that a non-bonding orbital is higher in energy than 
a bonding, and that an sp-bonding orbital is stronger (hence lower in energy 
because the molecule is more stable) than a p-bonding, we can plot the 
qualitative energy changes for a smooth transition from 90 to 180° bonding. 
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This we do in Fig. 6.18(с), which is constructed as follows: 


1. The non-bonding orbital N, remains unchanged throughout, hence its 
energy is constant; 

2. The bonding orbital a; passes over into the stronger orbital b, , hence its 
energy decreases; 

3, The bonding orbital a, becomes the non-bonding №; , thus increasing in 
energy; N, and №, are identical in energy at 180^; 

4. The bonding orbitals Б, and b; are formed by absorption of the non- 
bonding s into а,; 

5. If we increase the bond angle beyond 180* (or decrease it below 90°) the 
reverse changes begin to take place, so 180 and 90° represent maxima 
and minima on the energy curves as shown. 


Now let us see the relevance of this to molecular shapes. Consider first 
the molecule BeH,, beryllium hydride. Beryllium, we have seen in 
Sec. 5.3.1, has the electronic ground state configuration 15225, that is, it has 
two outer electrons with which to form bonds, the two 1s electrons being 
too firmly held by the nucleus to take part in bonding. Each hydrogen atom 
contributes a further electron, so the BeH, molecule must dispose of four 
electrons into molecular orbitals, with, according to Pauli, a maximum of 
two electrons per orbital. The most stable state, as can be seen from 
Fig. 6.18(c), will be for two electrons to go into b, and two into b,, thus 
producing a linear molecule. 

When the molecule is excited electronically, the next available orbital to 
contain the excited electron is N, (or N ,), but with a configuration bj bi N} 
it is evident from the figure that the most stable state will be at a bond 
angle, x, somewhere between 90 and 180°—the increase in the energies of b 1 
and b, being more than compensated for by the decrease in №, until 
equilibrium occurs at an angle a. Thus we see that the excited state 15 bent. 
If the electron is so excited as to be ionized completely, leaving the ion 
Вен, the three remaining electrons will all be in the b, and b; orbitals and 
hence the most stable configuration will again be linear. 

Now consider the case of water, H,O. The oxygen atom has an outer 
electron configuration 2s?2p*, and so has six electrons to dispose into mol- 
ecular orbitals. As before each hydrogen contributes опе, so water 15 formed 
by placing a total of four pairs of electrons into four molecular orbitals. e 
lowest energy state at which this can be done is shown by the angle f in t е 
figure, which is some angle between 90 and 180° (and is observed emer 
mentally to be about 104^). Thus water is bent in the ground state, wit ; a 
configuration which may be writter a? aj 521, since the angle is res ar 
removed from 90°. During excitation one of the N, electrons will un sel 
transitions since these, being of highest energy, are most easily remove d 
However, since the energy of N, does not change with angle, the angle o 
the remaining a? aż 52%; state will not change during the transition. 
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These arguments may be readily extended to other triatomic molecules 
or to larger polyatomic molecules, although the energy diagram corre- 
sponding to Fig. 6.18(c) is more complicated since more orbitals are 
involved. The results show, however, and experiment confirms, that linear 
molecules such as CO, and HC=CH become bent on excitation, the latter 
taking up a planar zig-zag conformation. 


6.3.2 Chemical Analysis by Electronic Spectroscopy 


Although rotational and sometimes vibrational fine structure do not appear 
in the liquid or solid state, both the position and intensity of the rather 
broad absorption due to an electronic transition is very characteristic of the 
molecular group involved: In this branch of.spectroscopy the position of an 
absorption is almost invariably given as the wavelength at the point 
of maximum absorption, Алах, Quoted, either in Angstrom units (1À- 
107 !? m) or in nanometres (1 nm = 107? m), the latter being more usual. It 
should be particularly noted that a large energy change, corresponding to a 
high frequency or wavenumber, is represented by a small wavelength. For 
practical reasons the electronic spectrum is divided into three regions: (1) 
the visible region, between 400 and 750 nm (4000-7500 А or 25000-13 300 
Ст !), (2) the near ultra-violet Tegion, between 200 and 400 nm (2000—4000 
A or 50000-25000 cm ^), and (3) the far (or vacuum) ultra-violet, below 
200 nm (below 2000 A or above 50000 cm~'). The latter is so called 
because absorption by atmospheric oxygen is considerable in this region 
and spectra can only be obtained if the whole spectrometer is carefully 
evacuated. Thus commercial instruments extend only down to about 
185 nm and absorptions below this range are little used for routine chemi- 
cal purposes. 


‘The intensity of an electronic absorption is given by the simple equa- 
tion: 


1 I 
2= 2110810 7 1 mol”! ст! (6.37) 


where c and | are the concentration and path length of the sample (in mol 
1^! and in cm-!, respectively), I, is the intensity of light of wavelength Amax. 
alling on the sample, and I is the intensity transmitted by the sample. « is 
the molar extinction coefficient and ranges from some 5 x 105 for the 
Strongest bands to 1 or less for very weak absorptions. 

Electrons in the vast majority of molecules fall into one of the three 
classes: c electrons, z electrons, and non-bonding electrons (called n 
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Figure 6.19 The regions of the electronic spectrum and the type of transition which occurs in 
each. 


C=C. C=N, etc., contains л electrons in addition, while atoms to the right 
of carbon in the periodic table, notably nitrogen, oxygen, and the halogens, 
possess n electrons. In general the с electrons are most firmly bound to the 
nuclei and hence require a great deal of energy to undergo transitions, while 
the л and electrons require less energy, the n electrons usually (but not 
invariably) requiring less than the л. Thus, in an obvious notation, c > с* 
transitions fall into the vacuum ultra-violet, x л* and n c* appear near 
the borderline of the near and far ultra-violet, and п> z* come well into 
the near ultra-violet and visible regions. These generalizations are indicated 
schematically on Fig. 6.19, which also shows the relationship between the 
nanometer and wavenumber scales. 

Saturated hydrocarbon molecules, then, which can only undergo 
с> c* transitions, do not give rise to spectra with any analytic interest 
since they fall outside the generally available range; examples are the 
6 — o* transitions of methane CH4, and ethane C,H, which are at 122 and 
135 nm respectively. 

The insertion of a group containing n electrons, e.g, the NH, group, 
allows the possibility of n o* transitions in addition and also tends to 
increase the wavelength of the c — с* absorption; for example, CH;NH3: 
с» c* 170 nm, n— c* 213 nm. It is unsaturated molecules, i.e., molecules 
containing multiple bonds, which give rise to the most varied and interest- 
ing spectra, however. We cannot here discuss the large mass of data in any 
detail but must be content to indicate a few of the more important gener- 
alizations. More detail is to be found in the books by Scott, and by Wil- 
liams and Fleming, listed in the bibliography at the end of this chapter. 

Consider, first, isolated multiple bonds within a molecule; the most 
important factor determining the position of the absorption maxima is, of 
course, the nature of the atoms which are multiply-bonded. From the fol- 
lowing table we see that the п» 7* transitions are relatively insensitive to 
those atoms while the n— 7* transitions vary widely: 
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п» л* (strong) n— л* (weak) 


(nm) (nm) 
>C=C< 170 — 
—c=c— 170 — 
>С= 166 280 
>C=N~ 190 300 
>N=N~ ? 350 
Eel ? 500 
CEU a К АЙ 00 1 


This behaviour is very reasonable since the л electrons play no part in the 
bonding and control of them is retained by the atom (O, N, or S) contrib- 
uting them. The above data is approximate only since different substituents 
on the A—B group produce slight variations in the wavelength of the 
n— л* transition. Thus, considering ketones alone, Amas. varies from 
272 nm for CH35COCH, to 290 nm for cyclohexanone, and even higher if 
halogen substituents are included. From the mass of empirical data already 
assembled, a great deal of information about the substituents to a particular 
group is obtainable from the electronic spectrum. 

More pronounced changes occur; however, when two or more multiple 
bonds are conjugated in the molecule, i.e., when structures having alternate 
single and multiple bonds arise, for example —C=C—C=C— or 
—C=C—C=0. In this case the п n* and n— z* transitions both in- 
crease considerably in wavelength and intensity, the increase being greater 
the more conjugate linkages there are. As a simple example we have the 
following approximate data for л — л* transitions in carbon-carbon bonds: 


CLERI а MINIS a dS 


Атах. (nm) А 


—С=с— 170 16000 
—C=C—C=c— 220 21000 
—C=C—C=C—c=c— 260 35000 
trece c a a a ec bcc di 


while for oxygen-containing molecules we have both 71 nz* and n— z* 
transitions: 


л — n* (strong) n— n* (weak) 


(nm) (nm) 
—С= t 280 
—C=C—C=0 240 320 
—C=C=C—C=0 270 350 
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Thus we see that conjugation immediately brings the very intense 
1 п* transition into the easily available region of ultra-violet spectrom- 
eters. For this reason these techniques are particularly well adapted to the 
study of conjugated and aromatic systems. 

In the last example given above we see that the n— л* absorption of 
p-benzoquinone, at 435 nm, has shifted into the blue region of the visible 
spectrum. When the substance is seen in the ordinary way the complemen- 
tary colour—yellow—is observed. Colour in large organic molecules is in- 
variably due to the existence of considerable conjugation raising the 
transition wavelength into the visible region—a fact on which the chemistry 
of dyestuffs is based. 

Substituents on conjugated systems also perturb the ultra-violet tran- 
sitions in a systematic way; a great deal of empirical data has led to the 
formulation of rules to predict the effects. These are inown as Woodward's 
rules, but they have undergone considerable modification and extension 
since they were first formulated by Woodward in 1941. As a simple exam- 
ple, consider butadiene, CH,=CH. CH=CH,, which has а strong absorp- 
tion at 217 nm due to the 7>72* transition. This molecule may be 
considered to be the ‘parent’ of a whole series of molecules containing the 
trans conjugated X3 group, whethertin: hydrocarbon chains or in ring 
systems. Any substituents or modifications to this parent fragment have 
each been assigned a positive Or negative value which must be added to the 
basic absorption at 217 nm in order to arrive at the expected absorption 


frequency of the substituted molecule. Thus the increment for a chlorine 


atom is 5 nm and for an ОСН: group 6 nm; if both these substituents 


occur together, the molecule would absorb at 217 + 5 + 6 = 228 nm. Be 
lent accounts of these rules, and tabulations of the values for various d 
stituents, etc., are to be found in the books by Scott, and by Williams àn 


Fleming, mentioned in the bibliography. 


6.3.3 The Re-Emission of Energy by an Excited Molecule 


After a molecule has undergone an electronic transition into an excited 
y be lost; we 


state there are several processes by which its excess energy ma 
discuss some of these briefly below. 


k is was 
1. Dissociation. The excited molecule breaks into two fragments. dew 
discussed in some detail for the particular case of a diatomic 


, i ena, 
dissociating into atoms in Sec. 6.14. No spectroscopic phenom 


beyond the initial absorption spectrum, are observed unless the frag- 


ments radiate energy by one of the processes mentioned below. / 

2. Re-emission. If the absorption коеп takes place as shown ж 
in Fig. 6.20(a), then the re-emission is just the reverse x uo dui layed 
the figure. The radiation emitted, which may be collected re um : 
as an emission spectrum, is identical in frequency with that absorbe 
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“ 
SINGLET TRIPLET 


SINGLET 
(a) Absorption (b) Re-emission (c) Fluorescence (4) Phosphorescence 


Figure 6.20 Showing the various ways in which an electronically excited molecule can lose 
energy. 


3. Fluorescence. If, as in Fig. 6.20(a), the molecule is in a high vibrational 
state after electronic excitation, then excess vibrational energy may be 
lost by intermolecular collisions; this is illustrated in (c) of the figure. The 
vibrational energy is converted to kinetic energy and appears as heat in 
the sample; such transfer between energy levels is referred to as ‘radi- 
ationless When the excited molecule has reached a lower vibrational 
state (for example, v' — 0), it may then emit radiation and revert to the 
ground state; the radiation emitted, called the fluorescence spectrum, is 
normally of lower frequency than that of the initial absorption, but 
under certain conditions it may be of higher frequency. The time between 
initial absorption and return to ground state is very small, of the order of 
TOSS 

4. Phosphorescence. This can occur when two excited states of different 
total spin have comparable energies. Thus in Fig. 6.20(d), we imagine the 
ground state and one of the excited states to be singlets (that is, S = 0), 
while the neighbouring excited state is a triplet (S = 1). Although the rule 
AS =0 forbids spectroscopic transitions between singlet and triplet 
States, there is no prohibition if the transfer between the excited states 
occurs kinetically, j.e., through radiationless transitions induced by colli- 
sions. Such transfer, however, can only occur close to the cross-over 
point of the two potential curves (cf. Sec. 6.1.7), and once the molecule 
has arrived in the triplet state and undergone some loss of vibrational 
energy in that state, it cannot return to the excited singlet state. It will, 
therefore, eventually reach the v = 0 level of the triplet state. Now al- 
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though a transition from here to the ground state is spectroscopically 
forbidden, it may take place but much more slowly than an allowed 
electronic transition. Thus it is that a phosphorescent material will con- 
tinue to emit radiation seconds, minutes, or even hours after the initial 
absorption. The phosphorescence spectrum, as а rule, consists of fre- 
quencies lower than that absorbed. 

Considerable confusion often occurs between the Raman effect, dis- 
cussed in Chapter 4, and the phenomena of fluorescence or phosphor- 
escence. The main points of difference are as follows: 


(a) In fluorescence and phosphorescence, radiation must be absorbed by 
the molecule and an excited electronic state formed; in Raman spec- 
troscopy energy is merely transferred from radiation to molecule, or 
vice versa, but no excited electronic state is formed. 

(b) The exciting radiation for fluorescence or phosphorescence must be 
just that equivalent to the energy difference between electronic states; 
the exciting radiation for Raman spectroscopy can be of any fre- 
quency except that which would induce electronic transitions; in the 
latter case absorption would occur, rather than scattering. 


5. Stimulated emission. This increasingly important mechanism for removal 
of excess energy can lead to the production of laser radiation, as dis- 
cussed in Sec. 1.10. The helium-neon laser, which emits light in the 
visible region of the spectrum, was considered in Sec. 5.4.6. 


6.4 TECHNIQUES AND INSTRUMENTATION 


roscopy are familiar to every 


The simple techniques. of electronic spect 
ome sort of telescope, a bunsen 


schoolboy studying physics—a glass prism, 5 š 
burner, and a pinch of common salt are sufficient apparatus for observing 
part of the emission spectrum of sodium. And in fact a great deal of rapid 


and precise analytical work, both qualitative and quantitative, is carried out 
h more sophisticated in con- 


using flame spectrophotometers not very much ic plate is 
struction than this, except that a photomultiplier e photographie eae. 


used instead of the rather inaccurate human eye. However, for high- 


resolution work or for absorption studies, the practical requirements are 
more stringent. air 

The choice of a suitable source was formerly one of шшщ diffi- 
culties. The prime requirements of a source are that it should be continuous 


over the region of interest (i.e., there must be no wavelengths at which it 


does not emit) and it should be as even as possible (i.e., there must be no 
d just into the near ultra- 


intense emission lines). In the visible region an t lam 
violet—say between 350 and 800 nm—an ordinary tungsten filamen P 
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is quite suitable. Below this a hydrogen discharge lamp proves adequate, 
down to about 190 nm, while below this again discharge lamps containing 
rare gases, such as xenon, must be used. Thus we see that, in contrast to the 
other forms of spectroscopy discussed in previous chapters, no one source is 
suitable throughout the region. 

Transparent materials for windows and sample cells present no prob- 
lem, at least in the visible and near ultra-violet regions, since good quality 
glass or quartz transmit down to 200 nm or better. Below this region alkali 
fluorides, such as lithium fluoride or calcium fluoride, must be used; these 
are transparent down to about 100 nm. Prisms, if used, can be made of the 
same materials. Modern high-resolution instruments, however, employ a 
reflection grating rather than a prism since the former gives better disper- 
sion and so allows more precise wavelength selection and measurement. 

The detector for visible and ultra-violet studies is either a photographic 
plate or a photomultiplier tube. The chief disadvantage of the photographic 
method is that the resolving power is limited by the graininess of the image; 
on the other hand there is no other detector which can record the complete 
spectrum simultaneously in a small fraction of a second. When studying 
short-lived species, such as free radicals, it would be quite impossible to 
scan the complete spectrum using.a photomultiplier. Also, at the other end 
of the time-scale the photographic plate is an efficient integrator of very 
weak signals—exposure times can be extended to many hours or even days 
to record a weak emission or absorption. For most routine purposes, how- 
ever, where the spectrum of a stable material is to be recorded in a time of 
several minutes, a photomultiplier detector coupled to an amplifier and 
paper chart recorder is the most flexible and useful combination. 
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PROBLEMS 


(Useful constant: 1 ст! = 11-958 J mol-!.) 


6.1 Using the data of Fig. 6.5 (some of which is tabulated below), estimate the dissociation 
energy of the I, molecule: 

Pose 5 10 30 50 70 75 80 

Ле: 2133 2072 200-7 1721 1347 823 670 52:3 ст SA 
6.2 The absorption spectrum of O, shows vibrational structure which becomes a continuum 
at 56876 cm ^! ; the upper electronic state dissociates into one ground state atom and one 
excited atom (the excitation energy of which, measured from the atomic spectrum, is 
15875 т !). Estimate the dissociation energy of ground state О, in kJ mol" я 
6.3 The values of à, and x, in the ground state @TI,) and a particular excited state en ote; 
are: 


o, Xe 


molo | 04 —— 
Ground state 1641-4cm7! — 711x107? 
Excited state 17882 cm^! 9-19 x 107° 
eS, o 0 0 _ 


Use Eq. (6.10) to find the number of vibrational energy levels below the dissociation limit and 
hence the dissociation energy of C; in both states. 

6.4 The spectrum arising from transitions between the two states of C, in Prob. 6.3 shows the 
Voo line at 19378 ст! and a convergence limit at 39231 cm~". The dissociation is into one 
ground state atom and one excited atom, the excitation energy of the latter being 
10308 cm~?; calculate the exact dissociation energies of the two states and compare your 
answers with those of Prob. 6.3. Explain any discrepancy. 

65 The band origin of a transition in C; is observed at 19 378 cm~', while the rotational fine 
structure indicates that the rotational constants in excited and ground states are, respectively, 
В = 1-7527 ст! and B" = 1:6326 cm~'. Estimate the position of the band head. Which state 


has the larger internuclear distance? 


CHAPTER 


SEVEN 
SPIN RESONANCE SPECTROSCOPY 


We have seen in earlier chapters that all electrons and some nuclei possess a 
property conveniently called ‘spin’. Electronic spin was introduced in Chap- 
ter 5 to account for the way in which electrons group themselves about a 
nucleus to form atoms and we found that the spin also accounted for some 
fine structure, such as the doublet nature of the sodium D line, in atomic 
spectra. Equally, in Sec. 5.6 it was necessary to invoke a nuclear spin to 
account for very tiny effects, called hyperfine structure, observed in the 
spectra of some atoms. 

In this chapter we shall consider these spins in rather more detail and 
discuss the sort of spectra they can given rise to directly rather than their 
influence on other types of spectra. After an introduction discussing the 
interaction of spin with an external magnetic field we shall consider in some 
detail the spectra of particles with a spin of 4 (that is, electrons, and some 
nuclei such as hydrogen, fluorine, or phosphorus), then a brief discussion of 
some other nuclei whose spins are greater than 4, and finally a few words on 
the techniques involved in producing electronic and nuclear spin spectra. 


7.1 SPIN AND AN APPLIED FIELD 


7.1.1 The Nature of Spinning Particles 


We have seen that all electrons have a Spin of 4, that is, they have an 


angular momentum of /44 + 1)(h/2n) = ./3/2 units. Many nuclei also 
242 
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possess spin although the angular momentum concerned varies from nu- 
cleus to nucleus. 

The simplest nucleus is that of the hydrogen atom, which consists of 
one particle only, the proton. The protonic mass (1-67 x 1072? kg) and 
charge (+ 1:60 x 107 !? C) are taken as the units of atomic mass and charge 
respectively; the charge is, of course, equal in magnitude but opposite in 
sign to the electronic charge. The proton also has a spin of 4. 

Another particle which is a constituent of all nuclei (apart from the 
hydrogen nucleus) is the neutron; this has unit mass (i.e. a mass equal to 
that of the proton), no charge and, again, a spin of 4. 

Thus if a particular nucleus is composed of p protons and n neutrons its 
total mass is р + n (ignoring the small mass defects associated with nuclear 
binding energy), its total charge is +p and its total spin will be a vector 
combination of p + n spins each of magnitude 4. The atomic mass is usually 
specified for each nucleus by writing it as a prefix to the nuclear symbol; 
for example, !2C indicates the nucleus of carbon having a mass of 12. Since 
the atomic charge is six for this nucleus we know immediately that the 
nucleus must contain six protons and six neutrons to make up a mass of 12. 
The nucleus !?C (an isotope of carbon) has six protons and seven neutrons. 

Each nuclear isotope, being composed of a different number of protons 
and neutrons, will have its own total spin value. Unfortunately, the laws 
governing the vector addition of nuclear spins are not yet known so the 
spin of a particular nucleus cannot be predicted in general. However, ob- 
served spins can be rationalized and some empirical rules have been formu- 
lated. 7 

Thus the spin of the hydrogen nucleus (H) is 3 since it consists of one 
proton only; deuterium, an isotope of hydrogen containing one proton and 
one neutron (that is, 7H) might have a spin of 1 or 0 depending on whether 
the proton and neutron spins are parallel or opposed: it is observed to be 1. 
The helium nucleus, containing two protons and two neutrons (*He) has 
zero spin, and from these and other observations stem the following rules: 


1. Nuclei with both p and n even (hence charge and mass пер 


spin (for example, “Не, '?C, 160, etc.). 
2. Nuclei with both p and n odd (hence charge odd but mass = р + "% even), 
have integral spin (for example, 2H, !^N (spin = 1), Вер 3), ao 
3. Nuclei with odd mass have half-integral spins (for example, ‘Н, ^N 
(spin = 4), 17O (spin = 3), еїс.). 
The spin of a nucleus is usually given the symbol 1, сше тне spi 
quantum number. Quantum mechanics shows that the angular momentum 
of a nucleus is given by the expression: 


Angular momentum 1 = 4/ № + I(h/2n) = у 10 + 1) units (70) 
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where I takes, for each nucleus, one of the values 0, 4, 1, 3, .... We can 
conveniently include the spin quantum number and angular momentum of 
an electron in Eq. (7.1) if we agree to label its spin quantum number І 
(instead of s as in Chapter 5), and remember that / can be 4 only for an 
electron. Thus Eq. (7.1) represents the angular momentum of nuclei and of 
electrons once the appropriate value of I is inserted. 

We may note here that many texts use a simpler form of Eq. (7.1), viz. 


[=] z- I units 
This equation is not, however, strictly correct from a quantum mechanical 
point of view and we shall use the more rigorous equation (7.1) throughout 
this chapter. 

By now the reader will be familiar with the idea that the angular 
momentum vector I cannot point іт any arbitrary direction, but can point 
only so that its components along a particular reference direction are either 
all integral (if I is integral) or all half-integral (if I is half-integral). Thus we 
can have components along a particular direction z, of: 


Ыы, Оу. 0 11у. —I (for J integral) 


or 


I,=1,1~1,...,4, -4,...,-I (ог I half-integral) (7.2) 


giving 21 + 1 components in each case. These components are normally 
degenerate—i.e., they all have the same energy— but the degeneracy may be 
lifted and 21 + 1 different energy levels result if an external magnetic field is 


applied to define the reference direction. We shall now consider the effect of 
such a field. 


7.1.2 Interaction between Spin and a Magnetic Field 


In general, a charged particle spinning about an axis constitutes a circular 
electric current which in turn produces a magnetic dipole. In other words 
the spinning particle behaves as a tiny bar magnet placed along the spin 


axis. The size of the dipole (ie, the strength of the magnet) for a point 
charge can be shown to be: 


I(I 4-1) h h 
po 1 АЛИ) hoo gh Ла + 1). Ж? 


2т 2т 2n  4nm 


where q and m are the charge and mass of the particle. The magnetic 
moment is here expressed in the appropriate fundamental SI units, ampere 
square metre (A m7); it is useful for later arguments, however, to express the 
magnetic moment in terms of the magnetic flux density (colloquially *mag- 
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netic field strength’), the SI unit of which is the tesla (symbol T, units kg 5-2 
A~ t), where 1 T = 10000 gauss. The conversion is: 


A m? = (kg s~? T^!) m? = J T^ (joules per tesla) 


So we may write: 


п eee rE (7.3) 
4nm 

and it is this form we shall use in our subsequent discussion. (It should be 
pointed out that, when the magnetic moment is expressed in c.g.s. units, as 
in older textbooks, the right-hand side of Eq. (7.3) will be divided by c, the 
velocity of light.) 

When we remove the fiction that electrons and nuclei are point charges, 
Eq. (7.3) becomes modified by the inclusion of a numerical factor G: 

Gqh АР 
тт I(I 4-1) 3 T (7.4) 

For electrons we have seen (cf. Sec. 5.6) that G is given the symbol g and 
called the Landé splitting factor; its value depends on the quantum state of 
the electron and may be calculated from the L, S, and J quantum numbers 
(cf. Eq. (5.28)). Nuclear G factors, on the other hand, cannot be calculated in 
advance and are obtainable only experimentally. 

For electrons, Eq. (7.4) is usually written 


p= ВАЛИ + 1) 3 T^* (7.5) 


where we have expressed the set of constants еһ/4лт as а (positive) constant 

B, called the Bohr magneton; replacing the electronic charge (1-60 x 10 

C) and mass (9-11 x 107°! kg) іп this expression, we can calculate 

В 29273 x 10?* J T^. 
Nuclear dipoles, on the other 

of a nuclear magneton By, which is defined in t 

of the proton: 


hand, are conveniently expressed in terms 
erms of the mass and charge 


eh 
4m,7 


25050 x 1077 J T^' 


By 


Thus for a nucleus of mass M and charge pe (where p is the number of 


protons) we would write: 


Gpe h бтр. +1) 
ртт” 10 + 05.7 M Buv KC 


= oy ITFI T oe 


А : H ro- 
where we have collected the parameters Gm, p/M, їп which m, n z ae 
tonic mass, into a factor g which is characteristic of each nucleus. 


246 FUNDAMENTALS OF MOLECULAR SPECTROSCOPY 


Field 
field applied 1 


] 
z 
o 


N 


і і 
г qm 
| -1 
+1 N | | / 
| ! f 
[ | / 
' 
0 Sorel S we 0 
! П \ 
1 ! у 
І ! \ 
-1 | ОЛАМ ` +1 
1 і 
1 ! 
! l 


| 


(a) (b) (c) 


Figure 7.1 Showing (a) the three orientations of the spin of a nucleus with spin quantum 
number I = 1; (b) the; resulting magnetic dipole, и. , Oriented in an applied magnetic field В,; 
and (c) the three energy levels allowed to the nucleus. 


factor has values up to about six and is positive for nearly all known nuclei 
(see Table 7.1 later). 

Thus the analogous equations (7.5) and (7.6) define the equivalent spin 
dipole for àny spinning particle. The dipole will plainly have components 
along a reference direction governed by the I. values: 


u= gpI, (for electrons) } (77) 


и. = gBy I, (for nuclei) 


where the І, are given by Eq. (7.2) for a particular particle, and the dipole 
will interact to different extents, depending on its magnitude, with a mag- 
netic field. The situation for a nucleus with I = 1 is shown in Fig. 7.1. The 
angular momentum of the particle (Eq. (7.1)) is: 


I— 1 x 2 — /2 units 


and if we consider a semicircle with this radius, it is plain that the vector 
arrow corresponding to I can point so as to have z components of + 1, 0, or 
= 1 (the z direction is counted positive towards the top of the paper). This is 
Shown in part (a) of the figure. 

Equation (7.7) shows that и. and I, have the same sign (i.e., point in the 
same direction) for the many nuclei which have positive g values. The three 
A, values for this system are Tepresented by arrows in part (b) of the figure 
where, conventionally, the lines of force inside the magnet are drawn with 
an arrow pointing to the N pole. If we imagine the applied magnetic field to 
be produced by a horseshoe magnet and apply the same convention, it is 
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clear that the lines of force external to the magnet will be shown pointing 
from the N to the S pole and, if we require these to be in the positive z 
direction, we arrive at the configuration given in Fig. 7.1(b). Thus we see 
that the state J, = — 1 represents a nuclear dipole opposed to the magnetic 
field (ie. of high energy) while 1, = +1 is in the same direction as the 
applied field and is, therefore, of low energy. The state 1, = 0 has no net 
dipole along the field direction and is therefore unchanged in energy 
whether the field is applied or not. This is shown in Fig. 7.1(c). 

Of course, if the nuclear g factor is negative, 4, has a sign opposite from 
I,, and the order of labelling the energy levels of Fig. 7.1 will be reversed. 
Similarly, of the two energy levels allowed to an electron in a magnetic field, 
the lower will be associated with I, = —4, the upper with I, = +4. 

The extent of interaction between a magnetic dipole and a field of 
strength B, applied along the z axis is equal to the product of the two: 


Interaction = и, B; 


Thus the separation between neighbouring energy levels (where I, differs by 
unity) is: 
AE = [Ern — Eu,-] = 198 n 1282 = Вх. — 1)В.1 


=|gByB.| J (when B, is expressed in tesla) (7.8) 
Thus in hertz: 
AE Mie gpn В, Hz (7.9) 
h h 
(where the modulus sign, |... |, indicates that positive differences only should 
be considered). Here, then, is the basis for à spectroscopic technique: à 


transition of electron or nuclear spins between energy levels (loosely re- 


ferred to as ‘a change of spin’) may be associated with the emission or 
absorption of energy in the form of radiation at the frequency of Eq. (7.9). 
Further, since the frequency is proportional to the applied field we can 
arrange, in principle, to study spin spectra in any region of the electromag- 
netic spectrum, merely by choosing an appropriate field. However, for рар, 
tical reasons, the fields used are normally of the order of 1—5 tesla for nuc!er 
and 0:3 tesla for electrons. Let us calculate the approximate frequency to be 
expected under these circumstances: 

For nuclei: We have already By 
choose the rather specific value of B, = 
gen, g = 5:585, we calculate 


AE 5:585 x 5:05 х 10-2? x 2:3487 % 100 x 10° Hz (7.10) 


h 6-63 x 10 ?* 


in the 
and we see that the appropriate frequency for protons, 100 rema 
short-wave radiofrequency region; in fact a great many nucica E 


2505x107" J T-!, and if we 
2.3487 T, and the g factor of hydro- 
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Table 7.1 Properties of some nuclei with non-zero spin 
ac IO а ld el 
Resonance frequency (MHz) 


Nucleus Spin in field of 2-3487 T g value 
'H 4 100-00 5-585 
стор 3 10-75 0-6002 
"B H 32-08 1-792 
c i 25-14 1-404 
14N 1 722 0-4036 
15N H 10-13 —0-5660 
UO i 13:56 —0:7572 
i3 і 94-07 5-255 
395 4 19-87 —1-110 
MP i 40:48 2:261 
эс 1 9-80 0:5472 
“ie i 8-16 0:4555 
MAT i 4:05 —0:2260 
"98n i 37:27 —2:082 
I i 20-00 1-118 
199 Hg i 17:83 0-996 


unc ERE DAI Unt US N Mei to 


resonance spectrometers operate at just this frequency, which’ is why we 
chose such a precise value of B, for the calculation. All other nuclei (except 
tritium) have smaller g factors, and their spectra fall between 1 and 100 
MHz for the same applied field. Table 7.1 collects some data for a few of the 
more important nuclei. 

For electrons: Here В = 9-273 x 10-24 J T^, and let us assume w= 2 
and B, — 0:33 T. Then 


AE 2х 9-273 x 10—24 x 0.33 : 

ym 6:63 x 10734 = 9000 x 10° Hz (7.11) 
Thus electron spin spectra fall at a considerably higher frequency, which is 
on the long wavelength edge of the microwave region. Because of this 
difference, techniques of nuclear and electronic spin spectroscopy differ con- 
siderably, as we shall see later, although in principle they are concerned 
with very similar phenomena. 


7.1.3 Population of Energy Levels 


When first confronted with nuclear and electron spin spectroscopy the stu- 
dent (who has experimented earlier with bar magnets in the earth's field) 
usually asks: why don't the nuclear (or electronic) magnetic moments im- 


mediately line themselves up in an applied field so that they all occupy the 
lowest energy state? 
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There are several facets to this question and its answer. Firstly, if we 
take ‘immediately’ to refer to a period of some seconds, then spin magnetic 
moments do immediately orientate themselves in a magnetic field, although 
they do not all. occupy the lowest available energy state. This is a simple 
consequence of thermal motion and the Boltzmann distribution. We have 
seen that spin energy levels are split in an applied field, and their energy 
separation (Eq. (7.8)) is AE joules. Let us confine our attention to particles 
with spin 4 (and hence just two energy levels) for simplicity—our remarks, 
however, are easily extended to cover the general case. Classical theory 
states that at a temperature T K the ratio of the populations of such levels 
will be given by 


Nupper _ exp (- =) (7.12) 


lower 


where k is the Boltzmann constant. Thus at all temperatures above absolute 
zero the upper level will always be populated to some extent, although for 
large AE the population may be insignificant. In the case of nuclear and 
electron spins, however, AE is extremely small: 


AE nuclei = 7 X 10226 7 ina 23487 T field 
AE electrons ~ 6 х 10-24 7 ina033T field 


And since k= ЗО K^!, we have, at room temperature 
(T = 300 К) 


N 7 x 10776 _5 
SPREE ду (2x10 |zxexp(-1x 10 ) 
Nice exp ( 42x a) Р( 


fo i 0 7) ДОР nuclei 


and 
N upp 6 x 10724 ДЕ 
ie 26x10 7 | exp (-1 x 10°”) 
exp ( 42 x =) Р! 
Ето) for electrons 


lower 


unity and we see that the 


In bo io i ly equal to 
th cases the ratio is very nearly ed о Spei 


spins are almost equally distributed between the two (or, 


2I + 1) energy levels PUE 
; : 1 А 
We need to discuss now the nature of the interaction between radiatio 


: 2. М 
and the particle spins which can give rise to transitions between these level 


7.1.4 The Larmor Precession 
We have seen (Eq. (7.6)) that the dipole moment of as 


p= gBy JI + nore 


pinning nucleus is 
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Figure 7.2 (a) the two spin orientations allowed to a nucleus with J = 4, and (b) the Larmor 
precession of such a nucleus, 


and that, according to quantal laws, the vector represented by и can be 
oriented only so that its components are integral or half-integral in a refer- 
ence direction. The corollary to this is that, since | /I(I + 1) cannot be 
integral or half-integral if I is integral or half-integral, the vector arrow can 
never be exactly in the field direction. We see one example of this in 
Fig. 7.1(a) and another for a nucleus with spin 4, in Fig. 7.2(a). For such a 
Particle: 


M-9B5../32 and = +198, ^ only 


Thus, whichever energy state a spinning nucleus or electron is in, it will 
always lie more or less across the field and will therefore be under the 
influence of a couple tending to turn it into the field direction. 

Now the behaviour of a spinning nucleus or electron can be considered 
analogous to that of a gyroscope running in friction-free bearings. Experi- 


and the precession, known as the Larmor precession. is sketched in Fig. 
7.2(b). The precessional frequency (or Larmor frequency) is given by: 


Magnetic moment 
x 
angular momentum 


B 
Eu 


Ф = В; tads! 
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Replacing р and I by their expressions in Eqs (7.6) and (7.1) 


gBy / IU + 1 B. _ gPn B: Hz 


ЕТЕ à 


0 = 


and, comparing with Eq. (7.9), we see that the Larmor precessional fre- 
quency is just the frequency separation between energy levels. 

This, then, is a mechanism by which particle spins can interact with a 
beam of electromagnetic radiation. If the beam has the same frequency as * 
that of the precessing particle, it can interact coherently with the particle 
and energy can be exchanged; if of any other frequency, there will be no 
interaction. The phenomenon, then, is one of resonance. For nuclei it is 
referred to as nuclear magnetic resonance (n.m.r.), while for electrons it is 
called electron spim resonance (e.s.r.) or. sometimes, electron paramagnetic 
resonance (e.p.r.). 

Experimentally there is a choice of two arrangements. We might either 
apply a fixed magnetic field to a set of identical nuclei so that their Larmor 
frequencies are all, say, 100 MHz; if the frequency of the radiation beam 15 
then swept over a range including 100 MHz, resonance absorption will 
occur at precisely that frequency. On the other hand, we could bathe the 
nuclei in radiation at a fixed frequency of 100 MHz and sweep the applied 
field over a range until absorption occurs. 

The probability of transitions occurring from one spin state to another 
is directly proportional to the population of the state from which the tran- 
sition takes place. We have seen in the previous section that these popu- 
lations are very nearly equal, and so during resonance, upward and 
downward transitions are induced to almost the same extent. However, 
while the lower state is more populated than the upper (e.g. at equilibrium 


in the absence of radiation), upward transitions predominate slightly, and a 


net (but very small) absorption of energy occurs from the radiation eae, 
When the populations become equal, upward and downward transitions 


Ld 
i ion can take place, and the system 15 sal 
equally likely, no further absorption p M pde 


to be saturated. The equilibrium populations can cio: 1 
system loses its absorbed energy; this it cannot do spontaneously, Hr dis 4 
as a result of interaction with radiation or with fluctuations Y: курар» 
magnetic fields of the appropriate frequency. The emitted ОЕ К = 
collected and displayed as an emission spectrum which, pie на ey 
induced and not spontaneous, i$ called the nuclear induction spectrum. 


7.1.5 Relaxation Times 


ae d in 
Let us return to the question posed at the beginning of Sec. 7.1.3, an 


: ; sud- 
particular consider the word ‘immediately’. If an a hs ae can 
denly applied to a set of nuclei in bulk material, and if su 
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be considered as completely frictionless gyroscopes, then they could not 
change their orientation in order to produce the correct statistical popu- 
lation of the energy levels unless radiation of the appropriate frequency 
were present. Without such radiation there would be no mechanism by 
which the excess energy of the nuclei could be removed from the system 
(and one would speak of it as having a high ‘spin temperature’). However, it 
is a fact that such nuclei do orient themselves to give the appropriate 
populations of states for a given temperature without the presence of radi- 
ation. The mechanism by which excess spin energy is shared either with the 
surroundings or with other nuclei is referred to generally as a relaxation 
process; the time taken for a fraction 1/e = 0:37 of the excess energy to be 
dissipated is called the relaxation time. 

Two different relaxation processes can occur for nuclei. In the first, the 
excess spin energy equilibrates with the surroundings (the lattice) by spin- 
lattice relaxation having a spin-lattice relaxation time (or longitudinal relax- 
ation time) T,. Such relaxation comes about by lattice motions (e.g., atomic 
vibrations in a solid lattice, or molecular tumbling in liquids and gases) 
having approximately the right frequency to interact coherently with nu- 
clear spins. T, varies greatly, being some 1072-104 s for solids, and 
1074—10 s for liquids, the overall shorter times for liquids being due to the 
greater freedom of molecular movement leading to larger fluctuations of 
magnetic field in the vicinity of the nuclei. We discuss the measurement of 
Т, in Sec. 7.1.8. 

Secondly, there is a sharing of excess spin energy directly between 
nuclei via spin-spin (or transverse) relaxation, the symbol for the time of 
which is T,. For solids T; is usually very short, of the order 10-4 s, while 
for liquids T, ~ T,. The measurement of T, is described in Sec. 7.1.7. 

T, and Т, have a marked effect on the widths of n.m.r. spectral lines 
since they reflect the lifetime of a particular spin state. Thus a long relax- 
ation time (both T, and T, large) means that an excited nuclear spin reverts 
rather slowly to a lower state (ie. has a long lifetime), and we know from 
Heisenberg's uncertainty principle (Eq. (1.10)) that this results in only a 
small uncertainty in the excited state energy level. Thus taking a typical 
value of one second for the relaxation time of a nucleus in a liquid, we 
would calculate: 


OE = h/2nót x 10734 J 


(which uncertainty is to be compared with the spacing between adjacent 
energy levels for nuclei in a 2:3487 T field, shown in Sec. 7.1.3 to be about 
107 2% J). The corresponding uncertainty in the radiation frequency associ- 
ated with the transition would be: 

ду = óE/h x 0-1 Hz 


In general n.m.r. spectrometers are not capable of resolving lines closer than 
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about 0:5 Hz apart, so that a line width of only 0-1 Hz represents a narrow 
spectral line. 

When either T, or Т, is short the uncertainty is correspondingly larger; 
for example taking бї = 1074 s, as for T, ina typical solid, the calculation 
yields ду a; 1000 Hz, which is clearly a very broad line compared with the 
resolving power. Thus n.m.r. experiments are divided into two main classes: 
broad-line, usually comprising solid samples, and high-resolution, usually of 
liquids or gases. But it should be noted that while solids rarely, if ever, give 
high-resolution spectra, some liquids may give spectra containing broad 
lines if both T, and Т, are small; such liquids are generally very viscous or 
contain paramagnetic ions which increase the efficiency of relaxation pro- 
cesses. 

Line-width measurement is not a wholly satisfactory method of obtain- 
ing relaxation times, for several reasons: line widths themselves cannot 
always be accurately measured, particularly in a spectrum with overlapping 
lines; other factors, like magnetic field inhomogeneity or chemical exchange 
processes, also affect the line width; and a line width can only give an 
estimate of the efficiency of the whole relaxation process—it does not dis- 
tinguish between spin-spin and spin-lattice effects. These drawbacks can 
largely be overcome by using Fourier transform techniques which, in nm, 
are invariably carried out by applying one or more pulses of exciting radi- 
ation to the sample and observing the signal emitted by excited nuclei. The 
following sections will be devoted to discussing how these measurements 
are made: we shall discuss some of the applications of relaxation times 1n 
Sec. 7.3.2. 


7.1.6 Fourier Transform Spectroscopy in N.M.R. 
| {оп of a писїеаг spin in 
th or against the field. 
nuclei in à field of 


Consider again Fig. 7.2(b), which shows the precessk 
an applied field B,, where the spin may be either w! 
In what follows we shall implicitly consider hydrogen T 
2.5 T, precessing at a frequency of 100 MHz that 1s, 


in the sample and, on average, they WE Y 
precessional ‘cone’ as in Fig. 7.3(a). Because ое is and 
magnetic effect of these spins will be aligned along the cone axis ат“, 
there are slightly more ‘up’ spins than ‘down’, we represe! Fig. 7.3(b). It 
magnetic moment vector of the spins by an upward arrow F a n et nuclear 
is sometimes helpful to think of the behaviour or we 

spins in terms of this bulk nfagnetic moment, which we call 


as we saw 
{то be exact, 100 MHz precession needs a field of 2:3487 T йы doe we prefer 

earlier. Since we shall need only approximate calculations n + 

to use the simpler figure of 2:5 T. 
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Figure 7.3 (a) the precessional ‘cone’ of a group of spinning nuclei; (b) the resulting bulk 
magnetic moment vector, M; (c) the application of a 90° pulse along the x axis; (d) the 
precession of M through 90° about the x axis; (e) the additional precession of M about the 
main field axis, and ( f) the overall spiral motion of M. 


We are now ready to consider the Fourier transform experiment in 
n.m.r. Imagine that we apply a magnetic field of strength B, along the x 
axis (i.e., vertical to the plane of the paper), as in Fig. 7.3(c); experimentally 
this would be achieved by passing a radiofrequency current (of 100 MHz 
to maximize the resonance interaction between field and nuclei) through a 
coil whose axis is aligned along the x direction. Such a field will try to turn 
the bulk magnetic moment, M, into the x direction. But M, being composed 
of spinning magriets, behaves like a gyroscope and cannot be turned in this 
way; instead it precesses about the field direction, i.e., about the x axis, as 
shown in Fig. 7.3(d). The rate at which it precesses will be directly pro- 
portional to the magnitude of B,. For simplicity, let us imagine B, to be 
2:5 x 1074 T, that is, just 1074 of the main field B,, so M will precess at 
1074 times the precessional frequency induced by the main field, i.e., at 
108 x 107^ = 10* Hz; thus we see that M will take just 1074 seconds (100 
microseconds) to complete a revolution. But if we apply B, for a very short 
period of time, M will not be able to complete a whole revolution; for 
example, we could apply B, for 50 microseconds, in which case M will 
complete only half a revolution, and then stop precessing—this is referred 
to as a 180? pulse of radiation. Similarly a 25 microsecond pulse at an 
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intensity of 2:5 х 1074 T is a 90° pulse, the effect of which is shown in Fig. 
7.3(d). Remember that the actual length, in microseconds, of a 90° pulse will 
depend on the strength of the pulse field. Increasing B, by a factor of 10 will 
increase the rate of M's precession by 10, and so a 90° pulse at 
2:5 x 107? T would be 2:5 microseconds long. 

In an n.m.r. spectrometer the transmitter and receiver coils are carefully 
aligned with their axes at right angles to each ether so that there is no 
direct coupling between them. Conventionally we take the transmitter to be 
aligned along the x axis and the receiver along the y (horizontally in the 
paper), with the main field in the z axis. Now while the bulk magnetic spin 
vector is along the z axis there is no fluctuation of magnetic field along y 50 
the receiver coil sees no signal. When the 90° pulse is applied, however, M 
is ‘flipped’ into the xy plane, and three things immediately start to happen. 
Firstly M experiences a force from the main applied field trying to turn it 
back into the z direction; as a gyroscope, however, its only response to this 
force is precession about the force axis, so M will begin to precess in the xy 
plane, as in Fig. 7.X(e), at 100 MHz. Secondly, and because of this preces- 
sion, there is now a fluctuating magnetic effect along the x axis—the precess- 
ing M—so the detector receives a signal, also at 100 MHz. Finally, M is in 
an unstable state—it would ‘prefer’ to be aligned with the main field axis— 
and so normal relaxation processes occur to dissipate its excess energy, and 
M gradually (i.e. in a period depending on the relaxation time) returns to 
the vertical position. The overall motion of M after the 90° pulse can be 
Fig. 7.3(f ), during which the detector will 
receive a decreasing signal until M is vertical once more. (Strictly, with a 
precessional frequency of 108 Hz and a relaxation time of, perhaps, some 
10-2 seconds, M will precess many thousands or even millions of times 
during the decay; Fig. 7.3) should be treated as purely diagrammatie) 
This signal can be Fourier transformed (cf. Sec. 1.8), and displayed as aa 
frequency spectrum of the nuclei. Note that the decreasing signal at the 
detector arises here because the pulse along x excites nuclei to the иррет 


Aiprium is re- ished 
state from which they revert to the lower. Once equilibrium 15 T€ establish 


(vertical M) no more signal is emitted unless а further energizing pulse о 
applied. In fact, of course, all the sample nuclei do not emit at nara "an 
МН а package of frequencies is emitted (again cf. сие) whic 

also, by interference, contribute towards the decay of the sign?” r. req 
The important point to note is that FT spectroscopy 11 OR signal 
the application of a 90° pulse, observation of the decaying de rmation of 
(often called the free induction decay, OF FID), and enn e rate of 
the signal for display. Although 7182000 processes (an conventional 
signal decay, this single experiment js no more suitable tha die 
‘frequency domain’ methods for measuring Te 


uires 


laxation times, 


i tion. In order 
fr icienci i t the end of the preceding sec ; 
om the deficiencies mentioned à aes itiple-pulse techniques. 


to measure relaxation times we need to const 
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Figure 7.4 The bunching of nuclear spins after a 90° pulse and the effect of a subsequent 180* 
pulse. 


7.1.7 Multiple-Pulse FT: Spin-Spin Relaxation 


Let us consider in rather more detail the effect of the 90° pulse described 
above. Essentially for M to be tilted into the horizontal (xy) plane, individ- 
ual nuclear magnets must have been disturbed from their even distribution 
round the precessional cone, and have bunched to one side, as shown in 
Fig. 7.4(a). Their precessional motion still exists, of course, so one should 
think of the bunch precessing as a whole, thus causing M to precess in the 
xy plane, as indicated earlier. Now for M to relax back to equilibrium 
implies that the energy of the spins must be shared evenly again, and for 
this to happen we require an exchange of energy between the spins. In other 
words the relaxation process which allows horizontal M to become vertical 
M again is spin-spin relaxation. Since M decays across the main field direc- 
tion, this process is also referred to as transverse relaxation. 

In order to measure the spin-spin relaxation time (Т,) we need to 
disentangle this relaxation process from other processes which can cause 
the spins to precess at different frequencies (mainly field inhomogeneities) 
and so can also unscramble the bunching. To understand the method, let us 
imagine looking along the main field direction from the top (i.e., along the 
axis of the precessional cone). We show the total fnagnetic vector, seen in 
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this way, in Fig. 7.4(b). Now M actually rotates at 100 MHz. due to its 
precession; but to simplify the pictures which follow, imagine that we have 
‘killed’ this rotation by, for example, observing the system with stroboscopic 
light, flashing at 100 MHz. Thus we shall essentially see M once in each 
rotation at the same place. Field inhomogeneities will mean that some 
nuclei precess slightly faster, some slightly slower, than average. If we ob- 
serve the system for a time т the slower nuclei will appear to lag behind the 
majority, the faster to drift ahead, as shown in Fig. 7.4(c), where f, is a faster 
nucleus, s, and s; are slower. 

At this point another pulse is applied along the x axis via the transmit- 
ter coil, but this time a 180? pulse. Its effect is to rotate all spins by 180° 
about the x axis (not about the centre of the circle), and the net result will 
be as shown in Fig. 7.4(d): noting carefully where the slower and faster 
nuclei arrive, we see that, since we have done nothing to change their 
precessional velocities, the faster nuclei will now catch up with the majority, 
the slower drift back towards them. Since it took a time т for the bunch to 
fan out to Fig. 7.4(c), it will take a further time т (total time 27) for the 
fanning out to be reversed. The effect of all this on the detector is as 
follows: immediately after the original 90" pulse the detector receives à 
maximum signal, which decays due to the fanning out of nuclear spins from 
field inhomogeneities. The 180? pulse is applied at т, the fanning out re- 
verses, and the signal builds up again until at 2t, when the spins are bunch- 
ed again, the signal reaches a maximum once more The process 
continues—at 3c the fanning out will look like Fig. 7.4(f), and a further 
180° pulse will then cause rebunching of the spins at 4t. This is all collected 
into Fig. 7.5, where (a) shows the pulse timing, and (b) the detector output. 
Not surprisingly the technique is often referred to as ‘spin-echo’, or as the 
90°-т-180° sequence. 


(a) 


On m go» 180° 180° 
Pulse 


Off 


Signal 
intensity 


4t Time 


(b) 


i tant. spin echoes. 
Figure 7.5 (a) the pulse timing of a 90°-т-180 sequence and (b) the re a 
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Now although the 180° pulses effectively cancel out those external ef- 
fects, such as field inhomogeneity, which produce different precessional fre- 
quencies, they cannot cancel the internal decay of M from spin-spin 
interactions which also equalize the distribution of spins round the preces- 
sional cone. Thus each spin-echo maximum is smaller than the preceding 
one as M shrinks. The exponential decay of these maxima, drawn in on Fig. 
7.5(b), can thus be used to measure T,. Note that we are here dealing with 
the decay of the ‘raw’ detector signal—there is no need to Fourier transform 
the signal for display as a frequency spectrum, since we are only interested 
in the change in its overall intensity. 

In fact the T, measurement described above is by no means simple to 
carry out—very precise timing of the microsecond pulses is essential other- 
wise the spin system will rapidly become hopelessly scrambled, and the 
presence of nuclei in the sample with different precessional frequencies (see 
the discussion of chemical shifts later) will mask the echo pattern. Thus Т, 
measurements are of little practical use, as yet, in structure determination. 
However, the principle of their measurement is simple tó understand, and 
should be helpful when we now consider spin-lattice relaxation, giving T; 
values which are becoming of increasing practical importance. 


7.1.8 Multiple-Pulse FT: Spin-Lattice Relaxation 


Instead of starting with a 90* pulse, consider applying a 180? pulse initially 
to the spin system. Е ig. 7.6(a) and (b) show that this will reverse the direc- 
tion of M, and will leave the spin system in an unstable state since more 
spins point against the field than with it. As excited nuclei give up their 
energy (ie, relax) M will become smaller, pass through zero, then grow 
upwards until it reaches its equilibrium value once more—an exponential 
change which is illustrated in Fig. 7.6(c). Remembering that the relaxation 
time is the time required for 1/e — 0-37 of the original excitation energy to 
be dissipated, we can indicate this time on the curve. 

Two points are important here. Firstly the excess spin energy is given 
up by the nuclei to their surroundings, and so the time involved is the 
Spin-lattice relaxation time, and we can see that the alternative name for 
this, the longitudinal relaxation time, is because M relaxes along the main 
field axis. Secondly all the changes in M sketched in Fig. 7.6(c) are confined 
to the z axis, and so will produce no signal in the receiver coil along y. 

. We know that we can induce signal emission, however, by applying a 
subsequent 90° pulse to the system after some delay time т, as shown in Fig. 
7.6(4), thus reaching the situation discussed earlier in Fig. 7.3(c) to (f). M 
will spiral up to equilibrium, emitting a decaying signal, but the initial 
intensity of the signal, immediately after the 90° pulse, will be directly 
proportional to the magnitude of M at the time of that pulse. If we lengthen 
t, M will have grown more before being tipped into the xy plane, and a 
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(4) 
Figure 7.6 A 180°-т-90° pulse sequence and its effect on M. 


: i ill be 
more intense signal will result. Shorten та little, and the ee bon 
Weaker because M has not grown so much. Indeed, make Sim d into the 
so that M is still pointing in the ‘wrong’ direction when m RE signal 
xy plane, and the signal will be negative, ie, it will Be URS ak rather 
Which, on Fourier transformation, will give a negative T PADO. then, we 
than a positive one. In order to measure spin-lattice relaxation, » 
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must carry out several 180°-т-90° experiments with different values of the 
delay time т between the pulses, and then plot the intensity of the signal, 
observed immediately after the 90° pulse, against т. Typically т will be of 
the order of seconds. 

Of course the relaxation of M into its final equilibrium position and 
magnitude continues after we have observed the initial signal. We are not 
interested in this, however—indeed we saw in the previous section that 
subsequent relaxation is also affected by field inhomogeneities and spin- 
spin relaxation. We can best think of the 90° pulse as ‘freezing’ the spin- 
lattice relaxation of M at various times after reversal so that we can 
measure how far relaxation has progressed at each time. 

Naturally the computer attached to the spectrometer is used to control 
the whole process of measurement. It times the original 180° pulse, selects 
increasing t values, times the 90° pulse, and collects and measures the signal 
intensity. From these data it can readily calculate and report a value for Т, 
directly, and there is again strictly no reason to Fourier transform the signal 
and produce frequency spectra. It has become conventional, however, to 

‘continue with this final step, and to display the resulting spectra in a 
particularly graphic form giving a pseudo three-dimensional picture show- 
ing the frequency of lines in the spectrum, and the relationship of their 


e 


Figure 7.7 A set of spectra produced by 180°-т-90° sequences with different delay times т. 
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intensities to the delay time т. Typically the computer plots a set of ‘stacked’ 
spectra in the torm of Fig. 7.7, where each spectrum is offset vertically and 
to the right by an amount proportional to its delay time. Such a picture 
shows very pleasingly the initial negative signal from the peak, its diminish- 
ment through zero, and subsequent growth to a maximum. On the figure 
we have joined the peak maxima with a dashed line to show the exponen- 
tial change in height. Comparison of this figure, viewed sideways, with Fig. 
7.6(c), shows the very precise correspondence between the magnitude and 
direction of M and its n.m.r. signal. An “approximate value for the spin- 
lattice relaxation time, Т, can be found very simply from such a display—in 
fact T, is about 14 times the time taken for the peak to decay to zero 
intensity. In this particular (hypothetical) example, the signal becomes zero 
at about 7 seconds, so the relaxation time is 1-5 x 7 or about 10 seconds. 

In summary, then, T; measurements are relatively easy and usually 
fairly fast. Some half a dozen 180°-т-90° experiments, each lasting a few 
seconds or a minute, can establish Т, with good accuracy. Small errors in 
pulse timings are not significant, nor are field irregularities. And compli- 
cated spectra, containing several resonances, are no more difficult to tackle 
than simple ones. Small wonder, then, that Т, measurements are increas- 
ingly being used to assist in spectral assignments and structure determi- 
nation by n.m.r. We shall return briefly to this topic in Sec. 7.3.2. 


72 NUCLEAR MAGNETIC RESONANCE SPECTROSCOPY: 
HYDROGEN NUCLEI 


We have seen that a particular chemical nucleus placed ina magnetic field 
gives rise to a resonance absorption of energy from a beam of radiation, the 
resonance frequency being characteristic of the nucleus and the strength of 
the applied field (some data have already been referred to їп Table 74). 
Thus nmr. techniques may be used to detect the presence of рона 
nuclei іп a compound and, since for a given nuclear species, the [qae 
the n.m.r. signal is directly proportional to the number of resonating nuclei, 
to estimate them quantitatively. However an n.m.. spectrometer 15 i 
expensive instrument, and there are many simpler and cheaper metho t 
available to detect the presence OF absence of a particular atom in a mol- 


i n 

есше. Two other characteristics of n.m.T. spectra which have Due Ps E 
mentioned make the technique far more powerful and usefu ; thes rS 
hich we shall discuss in the fol- 


chemical shift and the coupling constant, whi 


lowing sections 
: i i dro- 
The vast majority of substances of interest to chemists contain һу 


it is not 
gen atoms and, as this nucleus has one of the strongest ga ee rl 
surprising that n.m.r. has found its widest application to ese 
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When discussing chemical shifts and nuclear coupling it is convenient to use 
one type of nucleus as an example, although all spinning nuclei show these 
phenomena, and in what follows we shall consider the spectra of hydrogen- 
containing substances only, leaving discussion of other nuclei to Sec. 7.3. 


7.2.1 The Chemical Shift 


Up to now we have considered the behaviour of an isolated nucleus in an 
applied field. Such a situation is not, of course, realizable in practice since 
all nuclei are associated with electrons in atoms and molecules. When 
placed in a magnetic field the surrounding electron cloud tends to circulate 
in such a direction as to produce a field opposing that applied (so-called 
diamagnetic circulation), as shown for a singie atom in Fig. 7.8. Plainly the 
total field experienced by the nucleus is: 


Bestective = B, pied = Binduced 


and, since the induced field is directly proportional to the applied field, 


Binducea = © B, optica 


В, 


Figure 7.8 Showing the field, produced by diamagnetic circulation of the electron cloud about 
a nucleus, which opposes the applied field B,. 
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where o is a constant; we have: 
Bestective = BAL cc о) (7.13) 


Thus the nucleus can be said to be shielded from the applied field by 
diamagnetic electronic circulation. The extent of the shielding will be con- 
stant for a giver’ atom іп isolation, but will vary with the electron density 
about an atom in a molecule; thus we may generalize Eq. (7.13) by writing: 


B, = B,1 — с) (7.14) 


where B; is the field experienced by a particular nucleus i whose shielding 
constant is с;. As an example, since we know that oxygen is a much better 
electron acceptor than carbon (since oxygen has the greater 
electronegativity) then the electron density about the hydrogen atom in 
C—H bonds should be considerably higher than in O—H bonds. We would 
thus expect ссн > сон and hence 


Bou Bee ссн) € Вон = B.(1 — оон) 


Thus the field experienced by the hydrogen nucleus in O—H bonds is 
greater than that at the same nucleus in C—H bonds and, for a given 
applied field, the CH hydrogen nucleus will precess with a smaller Larmor 
frequency than that of OH. Put conversely, in order to come to resonance 
with radiation of a particular frequency (for example, 100 MHz), a CH 
hydrogen requires a greater applied field than OH. 

The effect of a steadily increasing field on the energy levels of the СН; 
and OH hydrogens in CH,OH is shown in Fig. 7.9. The OH hydrogen 
nucleus, having a smaller shielding constant, experiences à greater field, 


hence its energy levels are more widely spaced than those of the more 


shielded CH, nuclei at any given applied field. If the system is irradiated 
with a beam of radiation at, Say, 100 MHz while the applied field is 1n- 
creased from zero, the OH nucleus will come into resonance first and absorb 
energy from the beam, the CH; nuclei absorbing at а higher field. This 1s 
shown in the spectrum of methyl alcohol, CH,OH, at the foot of the figure. 
The fact that the ratio of the absorption intensities (strictly Hie rato of the 
areas under the peaks) is 1 : 3 inimediately allows us to identify the sre 
peak with the single hydrogen nucleus in the OH group, the larger wit s 
CH, group. Since neither carbon nor oxygen have nuclei with spin, they do 


not contribute to the spectrum. и Fig. 79: (D) 
Two very important facets of n.m.r. spectroscopy appear in FB. ~: iis 

identical nuclei (that is, Н nuclei) give rise (0 different absorption positio 

when in different chemical surroundings (for this reason the separatio" 


between absorption peaks is usually referred to a$ their chemical shift) and 


(2) the area of an absorption peak is proportional to the number of equiva- 


: : iti iving ri he 
lent nuclei (i.e., nuclei with the same chemical shift position) giving 15° tet 
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Figure 7.9 The effect of an applied magnetic field on the energy levels of the methyl and 
hydroxyl hydrogen nuclei of methyl alcohol, CH 3OH. The applied field is increased rapidly 
initially (dotted portion) until near resonance at 2:3487T, then the increase is much slower. 
The T.m.r. spectrum of methyl alcohol is shown at the foot of the figure. 
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absorption. We see here the basis of a qualitative and quantitative analyti- 
cal technique. 

It should be noted that electron density is not the only factor determin- 
ing the value of the shielding constant. Another, frequently very important, 
contribution to shielding arises from the field-induced circulation of elec- 
trons in neighbouring parts of a molecule which gives rise to a small mag- 
netic field acting in opposition to the applied field. Two of the many 
possibilities are shown in Fig. 7.10. In (a) the circulation of the cylindrical 
charge cloud comprising an acetlylenic triple bond is shown to reduce the 
effect of the applied field at a hydrogen nucleus on the axis of the circulat- 
ing charge. The nucleus is thus shielded and will resonate to high applied 
field. In (b), on the other hand, we show the circulation of the annular cloud 
of n-orbital electrons around a benzene ring (only the top annulus is shown, 
to simplify the diagram, but the identical annulus underneath the ring 
circulates in the same direction). The induced field is here in the same 
direction as the applied field in the vicinity of the hydrogen nuclei, and these 
muclei are consequently deshielded and resonate to low applied field. Obvi- 
ously both the effects noted here will be somewhat reduced by molecular 
tumbling, but they do not average to zero. 

Thus both shielding and deshielding may arise from induced electron 
circulation, and the total of such effects at any particular site, together with 
an electron density contribution, 1s included in the shielding constant с. 

There are several ways in which the chemical shift difference, б, between 
the OH and CH, signals of Fig. 7.9 may be expressed. Firstly, since we ade 
imagined the spectrum to be recorded by varying the applied field, we coum 
attach a tesla scale (or, rather, a microtesla (uT) scale, since the separation 1S 
very small) to the spectrum, and observe that 6 = 3:26 ИТ. Оттек. 
bering that the spectrum could equally well have been obtained by varying 


the applied frequency at constant field, we could quote the chemical shift 


(a) (b 


) acetylene and (b) benzene, showing 


Figure 7.10 The field-induced electronic circulation in (а y 
nuclei. 


shielding and deshielding respectively at nearby hydrogen 
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difference in hertz as follows: 


2:3487 T = 100 MHz 
hence 


3:26 uT = 139 Hz = ô 


In practice, however, neither of the above chemical shift units is entirely 
satisfactory, although both appear in the older literature. The difficulty can 
be seen as follows: rewriting Eq. (7.9) to take account of shielding at nucleus 
i and combining with Eq. (7.14): 


AE, Ся gBy В, іх gBy B-(1 — о) Hz 


h h h 
and so, in hertz: 
B 
ô= us = (ссн — сон) Hz (7.15) 


Now the shielding constant, о;, is independent of the applied field or fre- 
quency, so plainly chemical shift separation measured in hertz or microtesla 
is directly proportional to the applied field, B.: it is, at the least, incon- 
venient to measure a quantity which changes with the operating conditions 
of the instrument, particularly since different instruments use fields varying 
between 0-6 and 10 tesla. 

The difficulty can be overcome if we quote chemical shifts as a fraction 
of the applied field or frequency. Thus for methyl alcohol, 6 = 139 Hz at 
100-0 MHz is equivalent to 5 = 1:39 х 10-6 or 1:39 p.p.m. (parts per 
million) of the operating frequency; similarly, 6 = 3:26 wT at 2:3487 T is 
also 1:39 p.p.m. of the applied field. If we were now to double the field and 
frequency, the separation expressed in microtesla or hertz would also 
double according to Eq. (7.15), but it would still be just 1:39 p.p.m. 

, Chemical shift measurements are, of course, formally based on the res- 
onance position of the bare hydrogen nucleus (the proton) as the primary 
standard; for this there is no shielding and hence c = 0. Since this is a quite 
impracticable standard, it is necessary to choose some reference substance 
as a secondary standard and to measure the resonance positions of other 
hydrogen nuclei from this in parts per million; the substance now almost 
universally selected for hydrogen resonances is tetramethyl silane, S(CH), , 
or TMS (except for aqueous solutions where, since TMS is immiscible with 
water, the salt (CH3),SiCH;CH;CH,SO; Na‘, referred to as DSS, is pre- 
Тм since the CH, groups resonate in the same position as those of 


Tetramethyl silane has several advantages over other substances which 
have been used as standards: 
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1. Its resonance is sharp and intense since all 12 hydrogen nuclei are equiv- 
alent (ie, have the same chemical environment) and hence absorb at 
exactly the same position. 

2. Its resonance position is to high field of almost all other hydrogen reso- 
nances in organic molecules (that is, rs is large) and hence can be 
easily recognized. 

3. It is а low boiling point liquid (b.p. 27°C) so can be readily removed 
from most samples after use.. 


Thus if about five per cent of TMS is added to a sample and the 
complete n.m.r. spectrum produced, the sharp, high-field resonance of the 
TMS is easily recognized and can be used as a standard from which to 
calibrate the spectrum and to measure the chemical shift positions of other 
molecular groupings. Conventionally n.m.r. spectra are displayed with the 
field increasing from, the left, which places the TMS resonance to. the ex- 
treme right. Two measurement scales have been used for chemical shifts, 
both in parts per million. One scale, the t scale, arbitrarily sets the reso- 
nance of TMS at a scale value of 10 p.p.m. and numbers p.p.m. downwards 
to the left, as shown in Fig. 7.11(b). Although nearly all proton spectra fall 


between 0 and 10 on this scale, it suffers from the slight disadvantage that 


Hy бын a CHs 


(a) CH; 
N 
> c=0 
О 4 
| 7 | о 
c= о 631 КОА УС 
7 
9 H d | o Wye 
ES C—O 0 I CH; | G | | (TMS) 
| CH, H CH; CH; CH, 


—-3100 
"n H 2 o -scale 
10 3 8 7 > ы 8 9 10 scale 
T 1 2 3 4 © 6 ART, 
(b) 
hift values, and 
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Figure 7.11 Showing the relationship between the т and д scales ^ qan 
the approximate proton chemical shifts of some simple molecules 2n g 
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negative numbers are required to represent some resonances. The т scale 
was much favoured, however, and many proton spectra found in the litera- 
ture use it. Its main disadvantage became apparent as n.m.r. spectroscopy of 
other nuclei, particularly !3C, became more widely available. It happens 
that TMS is also a good reference material for 13C spectra and that its !3C 
resonance also occurs to high-field (i.e, on the right) of other '?C reso- 
nances. These resonances, however, span some 220 p.p.m. and so, to be 
consistent, TMS should be given the value 220 in 13C spectra while remain- 
ing at 10 in 'H spectra. This illogicality has been avoided by setting the 
TMS resonance arbitrarily to zero in both types of spectrum; this scale, the 
6 scale, is also shown in Fig. 7.11(b), and we see that ó values decrease with 
increasing field. The ó scale is now almost universally used, but conversion 
between the two scales, when necessary, is very simple: clearly ó = 10 — т. 

While showing both scales, Fig. 7.11 also indicates the approximate 
resonance positions of some molecules and groups. In studying this figure 
we must not lose sight of the fact that the resonances indicated are due to 
only the hydrogen nucleus in the molecule or group concerned. 

As one would expect, we note from Fig. 7.11(a) that the position of the 
hydrogen resonance depends upon the atom to which it is directly 
attached—cf. the series CH, , NH;, РН;, SiH,, and Н, between б = 0 and 
ó = 4-2. Far more important, however, is the fact that, when the hydrogen 
is attached directly to a particular atom, e.g., carbon, its resonance position 
depends markedly on the nature of the other substituents to that atom—cf. 


Table 7.2 Some chemical shift data 

Resonance positions are given in 6 and are, with the 
exception of those indicated, accurate to about 
+ 0-5 б; R represents a saturated alkyl group, Ph 
the phenyl group, C,H Py, 


Group ô Group ô 
R. COOH ltSt. .CH,.0.COR . 37 
R.CHO 100t — —CH,.OR 3-5 
Ph.H 73 CH,.OR 33 
а —CH,.COR 24 
v =CH 2.2 
E 53 CH,.COOR 24 
R CH,.COR 24 
M CH; 
“© 50 =C 18 
N, 
H ^n 


—CH,.0.COR 42 C—CH,—C 1-5 
СН,.О.СОРҺ 40 с—сн, 09 


t Range + 3-0 ô. 
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the series CH,, CH,0—, C—CH;, O=CH, ete, in Fig. 7.11(b); a small 


selection of the available data is also shown in Table 7.2. When we combine 
this with the statement, made earlier, that the area of each resonance is 
proportional to the number of hydrogen nuclei contributing to that reson- 
ance, we see that n.m.r. techniques provide ready means of both qualitative 
and quantitative group analysis in organic chemistry. After we have dis- 
cussed the phenomenon of energy coupling between different nuclei in the 
following sections, we shall see that the usefulness of n.m.r. extends even 
further to the determination of the structure and configuration of molecules. 


7.2.2 The Coupling Constant 


Suppose that two hydrogen nuclei in different parts of a solid, e.g, à crystal 
lattice, are sufficiently close together in space that they exert an appreciable 
magnetic effect on each other—in n.m.r. terms ‘appreciable’ means 0-01 4T 
or more. We show such a case in Fig. 7.12 for two nuclei labelled A and X. 
Here we ignore the spin direction of X since this is immaterial for the 
moment, but we show the two possible directions of the z component of A’s 
spin, either in the field direction (conventionally "up or opposed to that 
direction (‘down’). The lines of force originating from A, considered as a 
simple bar magnet, are seen to oppose the applied field at X when А is up, 


and to reinforce it when A is down. Remembering (Sec. seed 


directions are virtually equally likely, we see that nucleus vill: s 
in an applied field B, + В, or in В, — Ba with equal probability, where ^4 
t ill result in the X nuclei of a 


is the field at X due to nucleus A. Clearly this w 
sample showing two different resonance positions 
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Figure 7.12 The direct coupling of nuclear spins. In (i) the spin of Ad 


netic field at X, while in (ii) the field at X is increased. 
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signal will be a doublet—separated, on a tesla scale, by 2B,. If we now 
include X’s spin in the argument, it is obvious that the effect of X on A is 
precisely the same as that of A on X, so the A signal will be split into an 
identical doublet. 

The extent of this direct spin-spin interaction, or coupling, is large for 
hydrogen nuclei, being of the order 107* T when the nuclei are 0-1 nm 
apart, and is of practical use in solid-state n.m.r. spectra in measuring with 
some precision the interatomic distances in compounds. 

When liquid or gaseous samples are considered, however, this direct 
spin-coupling mechanism is found not to apply because random molecular 
motions within the sample (molecular tumbling) continually change the 
orientation of the molecules within the applied field. For example, if we 
imagine the AX ‘molecule’ of Fig. 7.12(i) to be rotated through 90° in the 
plane of the paper (remember that the nuclear spins will not rotate with the 
molecule, since they are governed only by the field direction), nucleus X 
will sit vertically above or below A and will thus be in a position where the 
field due to A reinforces the applied field B,—this is just the opposite 
situation from that previously considered. It can be shown by proper inte- 
gration of the effect of A on X at all possible orientations that continued 
rotation of the molecule averages the coupling exactly to zero—all situ- 
ations in which A reinforces the field at X are just balanced by all those 
where it diminishes that field. 

Nonetheless the n.m.r. spectra of liquids do show the phenomenon of 
coupling but the effect is very much smaller (by a factor of 10?—10^ than 
that observed for direct coupling in solids); clearly a different mechanism is 
involved. Consider first Fig. 7.13(i) which shows two hydrogen nuclei joined 
by a pair of bonding electrons, as in the hydrogen molecule. To a first 
approximation we can assume that each electron ‘belongs’ to a particular 
nucleus, so we associate electron (a) with nucleus A and electron (x) with 
nucleus X. Plainly the most stable state energetically is that in which the 
electronic magnetic dipole is opposed to that of its own nucleus; but theo- 
ries of chemical bonding tell us that the electrons, which occupy the same 
orbital, will have their spins opposed also, and so we see that the most 
stable state will be that in which the nucleus-electron-electron-nucleus spins 
alternate as shown in the figure; consequently the spins of A and X will 
preferentially be paired. This is similar to the situation found for the 
'across-space' effect, but is several orders of magnitude smaller; however, it 
represents coupling between the nuclei. 

Note carefully that the above argument is not intended to be rigorous; 
we аге not saying that the spins of A and X are immutably fixed in the 
paired state, simply that the paired configurations {| and |f are very slight- 
ly lower in*energy than the parallel configuration 11 and ||; the energy 
difference is so minute (some 10 ?? J) that both configurations are equally 
likely to occur. The effect which this has on the spectrum is shown by Fig. 
7.14. At (i) of the figure we show the four energy levels of the AX system, 
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(i) 
Figure 7.13 The coupling of nuclear spins via bonding electrons for (i) directly bonded atoms 
and (ii) atoms bound to a third atom having no spin. . 
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at (ii) the coupling is taken to 


coupling is large compared with the chemical shift. 
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each corresponding to one of the four possible spin combinations, 1], Tie 
and |1; a convenient notation for these spin states is also indicated on the 
diagram, whereby each ‘up’ spin is designated х and, each ‘down’ spin В. In 
this part of the diagram we imagine there to be no coupling between A and 
X; hence the separation between levels ax and «$, corresponding to a spin 
change of X only, is just the resonance energy of X, and this is clearly 
identical with the separation between levels Ba and ВВ. Similarly the separa- 
tions ax—Ba and «ß-ßß are identical and give the resonance energy of A. 
Transitions between the various levels give rise to two spectral lines, one at 
each of the chemical shift positions of A and of X, designated v, and vy. 

When coupling occurs we know that the levels aw and Bf are destabi- 
lized, and that «f and fix are stabilized; this is shown in (ii) of the figure, 
where the amount of the energy change is symbolized J/4—the convenience 
of this will become clear shortly. Now the two possible X transitions have 
different energies: there is xx f which is smaller than in (i) by 4J, and 
Bx e» BB, higher by 4J; hence one spectral line appears 4J above vy and 
another 3J below, the separation between these two lines being just J (hence 
the convenience of defining the stabilization and destabilization as J/4 
above). Similarly the A transitions will be Split into an identical doublet. 
The ‘legs’ of the doublet will be the same intensity since (1) all spin states 
are virtually equally likely, and (2) detailed calculation shows that the prob- 
abilities of transitions occurring between any levels are identical. Thus we 
arrive at an AX spectrum: a pair of 1:1 doublets, each pair separated by 
the coupling constant J, and the midpoints of the doublets separated by 
the chemical shift б. Since J is observed to be a field-independent quantity, 
it is conveniently expressed in hertz rather than in parts per million like ô. 

At this point we should emphasize that Fig. 7.14 is by no means drawn 
to scale. If A and X are both hydrogen nuclei, then in part (i) the transitions 
labelled X and A represent the resonance energies of such nuclei in, say, a 
2:5 T field, i.e., some 100 MHz. The separation between «f and fia, on the 
other hand, represents the chemical shift difference, б, between v 4 and vy, 
perhaps a few hundred hertz. Thus if the diagram were to scale, the distance 
between aa and afi should be some million times greater than that between 
«f and Ba. Turning to (ii) of the diagram, the quantity J/4 is a few hertz 
he so the displacements of the various energies have been much exagger- 
ated. 

Up to now we have taken the chemical shift difference of A and X 
(some 100 Hz) to be large compared with the coupling constant J (a few 
hertz). In (iii) of Fig. 7.14 we show what happens when the chemical shift 
difference decreases, i.e., when the levels «B and fla are assumed to be 
closer together than shown. It is a well-known fact in quantum mechanics 
that energy levels of the same symmetry, as аге «ff and fa, tend to repel 
each other if they become close, while those of different symmetry, like aa 
and fff, are not affected. If both af and Во are repelled by an amount О, as 
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shown on the diagram, then clearly both X transitions are decreased in 
energy by Q, while both A transitions are increased by the Same amount. 
The result is to push the spectral lines apart so that the chemical shift 
positions, v; and vy, are no longer at the midpoints of their respective 
doublets. Actually in the figure we have relabelled the nucli 4 and B 
instead of 4 and X: this is conventional notation in nm. spectroscopy, 
where letters close together in the alphabet are used. to indicate nuclei 
whose chemical shift difference is small, and vice versa. 

One further effect of a small chemical shift difference is illustrated іл 
Fig. 7.14(iii); this is that, although the populations of the levels are unaf- 
fected by the perturbation Q, the relative transition probabilities are very 
much affected, and detailed calculations show that the result is for the 
centre lines of the AB spectrum to gain intensity at the expense of the outer. 
In the limit when the chemical shift difference becomes zero (A; system 
instead of AB, since A and B become identical), the centre lines coalesce 
into one and the outer lines have vanishing intensity. Thus although coup- 


ling between the A, nuclei certainly exists, its effect is not observable in à 


spectrum. A typical AB spectrum is illustrated in Fig. 7.15 where it is 
evident that 5 (measured in hertz) is about five times J. \ 

Let us now return to Fig. 7.13(ii). This shows the coupling of hydro- 
gen nuclei which are each attached to a third non-spinning nucleus, such 


as carbon; an example of this situation is the methylene fragment 


10 Hz 


= I 
A Phenyl 


"ish 715 Part of the n.m.r. spectrum of ethyl ci E 
А owing the typical AB pattern of the olefinic hydrogens. The the right 
ue to the phenyl group; the ethyl resonance is off the scale (0 
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> CH;. Now the chain of reasoning runs as follows: the spins of A and (a) 
are paired, as are those of (a) and (c,) since both the latter occupy the same 
orbital; (c;) and (с,) have parallel spins, however, since they occupy degen- 
erate orbitals in the same atom (cf. Hund's principle, Sec. 5.3.1); finally (b) 
and (c;) are paired and nucleus B has its Spin paired with electron (b). We 
see that the lowest energy state, according to this electron path, is that 
wherein the spins of A and B are parallel, not paired. In this situation the 
coupHng constant, J,5, is defined to be negative, whereas it is defined 
positive for the previous case shown in Fig. 7.13(i). 

Similar arguments to the above indicate that J is again positive for 
coupling via three bonds (for example, H—C—C—H), and negative via 
four, etc., provided this type of electron path is the predominant contributor 
to the coupling; in some Systems, particularly unsaturated ones (i.e. 
containing multiple bonds), other electron paths may become important. 
However, the magnitude of the coupling constant attenuates rapidly with 
increasing number of bonds; thus for H; the coupling (measured indirectly 
from the spectrum of HD) is some 240 Hz, for the H—C—H fragment (e.g., 
in methane) it is some 12 Hz, for H—C—C—H (eg, in ethanol, 
CH;CH,OH) it is 7 Hz, and for H—C—C—C-H it is on the present limit 
of measurement, 0:5 Hz or less. However in unsaturated molecules, in 
which electrons occupy orbitals extending over more than two nuclei and 
are thus more mobile, the couplings are somewhat larger and have been 
observed over more than four bonds. 

It is not usually easy to determine the sign of a coupling constant 
experimentally, but where such data exist they are often in good agreement 
with the alternation theory outlined above. Further, calculations can be 
made predicting the magnitudes of certain couplings by applying quantum 
mechanical methods to the very diagrammatic approach of F ig. 7.13; these, 
too, are in generally good agreement with experimental values. 


7.2.3 Coupling between Several Nuclei 


So far we have considered the effect of coupling between two hydrogen 
nuclei only; but such nuclei often occur in molecules as groups, particularly 
CH; and CH, groups. We turn now to consider coupling between groups, 
using the ethyl fragment, СН;СН, , as our example. 

In the ethyl fragment the three hydrogens of the methyl (CH,) group 
have the same chemical shift since all the CH bonds are identical and the 
shielding at each of the nuclei is the same. Such nuclei are called chemically 
equivalent. In the same way the two nuclei of the methylene (—CH,—) 
group are chemically equivalent but their chemical shift is, of course, differ- 
ent from that of the methyl nuclei. Further there is some freedom of rota- 
tion of the methyl group in this fragment and hence the interaction between 
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the methyl and methylene nuclei is averaged to the same value—the coup- 
ling constant is the same between any methyl and any methylene hydrogen. 
The nuclei in the methyl group (or the methylene group) are said to be 
magnetically equivalent as well as chemically equivalent. This property af- 
fords a considerable simplification of the overall spectrum because the coup- 
lings within a group of magnetically and chemically equivalent nuclei do not 
affect the spectrum and can be ignored, .аѕ in the case of A, considered 
earlier. In the present example, this means we can neglect coupling between 
the methyl hydrogens themselves, or between the two methylene hydrogens, 
and need consider only the coupling between a methyl and methylene 
nucleus. Since all the latter couplings are equal, as explained above, the 
system has just one J value to be considered. If the chemical shift between 
methyl and methylene is large, then we have a system A,X, (where A is a 
CH, hydrogen nucleus, and X a CH, nucleus) with a coupling constant 
Шү: 

When considering the spectrum resulting from an A,X, system it is 
quite possible to construct an energy level diagram analogous to that of 
Fig. 7.14 for the AX case. Such a diagram is complex, however, and it is 
much simpler to use another approach, which may be called the ‘family 
tree’ method; in this, coupling between grouped nuclei is considered step- 
wise. 

Thus in Fig, 7.16(i) we start by imagining the A, and X; groups to be 
uncoupled, and hence as giving rise to one line each of intensity 3 and 2 
units respectively. When we let the A; group couple to just one of the x 2 
pair, the A, line is split into a doublet, separation Јах, each line having 
intensity 14 units. If now each leg of this doublet is considered to couple 
with the second X nucleus, each will be split into a doublet, separation Jaxs 
intensity 2 unit. However, the inner line of each doublet will overlap, be- 
cause the coupling is identical for both, so the overall spectrum n 
the appearance of a triplet, intensity of each Set 14, : (that is, а 1:2: 
triplet) with the coupling J ax appearing twice in the spec Im к 

The splitting of x > by coupling with Аз proceeds similarly Я нау 
one А yields a 1 : 1 doublet, to the second a 1:1 d triplet, and to the к; à З 
a 1:2:2:1 quartet (ie, a 1:3:3:1 quartet) with the coupling consta 


J 4x repeated three times. : 
e t 

This argument is very readily generalized: a group of p irap 

nuclei splits a neighbouring group into p + 1 lines with intensities gt 

the pth line of Pascal's triangle: 


р= 1 1 1 
р=2 1 2 1 
Do 1 3 3 1 
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Xi А, 


@) Jax 


(ii) 

OH CH, CH; 
Figure 7.16 (i) A theoretical A,X, spectrum and (ii) the actual n.m.r. spectrum of ethanol, 
CH,CH,OH. 


where each entry is obtained by summing the two numbers to its right and 
left in the line immediately above. Thus the two nuclei of the X, group split 
the A; resonance into 2 + 1 = 3 lines, while the X 2 
into 3 + 1 = 4 lines by the A, nuclei. 

The family tree method thus predicts a quartet and triplet structure for 
the —CH;CH, spectrum, the former having a total intensity of two units, 
the latter of three. Comparison with the spectrum of CH,CH,OH at the 


resonance is itself split 
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foot of Fig. 7.16 shows that this prediction is amply justified. It must be 
stressed, however, that if the chemical shift separation of the СН; and CH, 
resonances were to be decreased (forming an A; B; system), for example, by 
lowering the operating field of the instrument, or by changing the nature of 
the substituent on the CH3CH;— group, then the family tree method be- 
comes a successively poorer approximation to the observed spectrum. Al- 
ready in the A, X? spectrum of Fig. 7.16 the inner lines are seen to have a 
slightly enhanced intensity with respect to the outer (cf. the AB pattern of 
Fig. 7.14) even though the chemical shift separation is some 20 times the 
coupling constant. At smaller shifts not only is the intensity distortion 
increased, but additional lines begin to appear, quite inexplicable with the 
family tree method. Under these conditions accurate fit between theory and 
experiment is only possible by detailed calculation of the energy levels and 
transition probabilities for the system. е 
Some other typical coupling patterns ате shown in Fig. 7.17. In 
(a) we see an A,X, spectrum given by the substance cyanhydrin, 
CNCH,CH,OH. The methylene groups have different chemical shifts and 
во it is to be expected that coupling between them will split each resonance 
into a 1:2:1 triplet; this is to be observed in the spectrum. Other chemical 
structures giving rise to similar spectral patterns are 1,2-disubstituted ben- 
zenes, or five-membered unsaturated heterocyclic systems such as furan, 


although in such molecules the spectra are rather more complicated owing 


to additional couplings which arise between the nuclei. In (b) we show an 
3)2CH—. In this all six 


A, X spectrum arising from an isopropyl group. (CH ) 1 
methyl hydrogens аге equivalent and hence they split the lone methylene 


hydrogen into a septet, while they themselves are split into à doublet by the 


single nucleus. Such a pattern is easily recognizable € à 
lines of the septet are too weak to be observed, and is very то anc 
Finally in (c) we show the spectrum produced when three different 

couple together—an AMX system if all the chemical 


this system there are three different coupling constants: Јам» i 
so that, for instance, the A resonance is split into a doublet of spacing Jam 
it into a doublet by Јах: 


and then each line of the doublet is further spl 
А z . . . t as 
Thus each resonance gives rise to à symmetrical 1:1:1:1 quarte 


. а. S 
shown in the figure. This pattern might arise from the three ring hydrogen 


of a monosubstituted furan or similar molecule (in this example ed 
furan) or it might be from a vinyl group (ыт А 
where again all three hydrogen nuclei have а different po abi i ux m 
These coupling patterns, like that for the CH,CH; REESE 
considerably complicated if the chemical shift Detur iod 
small. Usually, however, the additional fine structure рг 


i iti 11 pattern, 
intensity perturbations do not prevent recognition 2. the E d 
particularly when some experience has been gained from 


spectra. The tremendous analytical value of such patterns 


the spectrum of an « 


—CH,CN 
CH,—OH 


(a) 


OH 


Figure 7.17 The n.m.r. s 
(CH;),CHI, and (c) 2-furanoic acid, 


OCH=CH .CH=C.COOH 
T 


pectra of (a) cyanhydrin, CN.CH,CH,OH, (b) 2-iodo-propane, 


In (a) and (b) the normal 6 scale is shown, while in (c) the scale is expanded to 1 Hz per 
division in order to show clearly the three quartets. The resonance of the COOH group is off 
the scale to the left. 
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their recognition immediately gives information about the chemical group- 
ings present in the molecule under examination. We discuss this aspect of 
nm.r. spectra more fully in the next section. 


124 Chemical Analysis by N.M.R. Techniques 


In the preceding sections we have built up a picture of the application of 
n.m.r. to constitutional and structural studies. Thus the observation of the t 
values of lines in a spectrum (or of the centres of multiplets if coupling is 
occurring) immediately indicates, with very little ambiguity, the types of 
hydrogen-containing groups within the molecule, while the relative inten- 
sities of the lines yield directly the proportions in which these groups occur. 

Further, the multiplet structure of each group in the spectrum gives 
information on the number of hydrogen nuclei coupled to that group and in 
this way shows which groups are near neighbours in the molecule. Thus 
groups such as CH34CH;; —CH,CH,—; (CH,),CH, etc., can be instantly 
recognized from the n.m.r. spectrum. 

As an example of the use and limitations of n.m.r. spectroscopy in 
analysis, consider the spectrum shown in Fig. 7.18. Resonances are centred 
at 6 = 82, 7:5, 44, and 1:3, the position of the former two and the coupling 
pattern of the latter two suggesting that they arise from a phenyl group 
(C,H;—) and an ethyl group (C,H;—) respectively. The integral trace on 
the spectrum shows these resonances to have relative intensities of 5:2 53 
(the two phenyl resonances here being summed) so we know the phenyl and 
ethyl to be present in 1 : 1 ratio. If we also know that the molecular formula 
of the substance is CoH 1002, We can rapidly deduce that the resonances at 
c = 8:2 and 7:5 are due to hydrogen nuclei respectively ortho and meta/ 
para to a carbonyl group (cf. Fig. 741) while those at 44 and 1:3 are 


TMS 


6 scale 9 8 7 6 5 4 3 2 1 9 


i the use 
Figure 7.18 The n.m.r. spectrum of ethyl benzoate, c,H.CO.OCH;CHs: to RENT 


of n.m.r. as an analytical technique. 
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consistent with: the grouping CH,CH,.O. CO—. The molecule is thus 
ethyl benzoate, C,H,CO.O. CH;CH,. 


n.m.r. spectrum does indicate their position in the molecule. Thus the coup- 
ling pattern shows clearly that the CH; and CH, groups are directly bound 
and not, for example, joined via О or CO (CH; . O . CH,— ог CH; . CO3 
CH;—) since in these latter configurations the coupling constant would be 


This very simple example serves to indicate the method of approach 
when using n.m.r. for analytical purposes, Of course only in the simplest 
cases is a complete Structural determination Possible from the n.m.r. spec- 
trum alone, but when taken in conjunction with other techniques, in parti- 


cular infra-red Spectroscopy, a great deal of useful structural information 
can usually be obtained about an unknown molecule. 


7.2.5 Ехсһапре Рһепотепа 


If the exchange is prevented by rigorous drying of the alcohol samples, 
coherent Coupling appears and the OH resonance has the expected multi- 


J Hz the coupled nucleus must exchange more rapidly than J/2n times per 


sidered above J x 6 Hz, and hence an exchange rate of only ab 
second is sufficient to destroy coherent coupling. Of course the transition 
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An obvious application of this effect is to the study of hydrogen 
exchange kinetics; exchange rates frequently vary with temperature or 
concentration and such variations can be followed very precisely by obser- 
vation of the change in line shape of n.m.r. signals. 

Nuclei in different chemical surroundings (i.e.; having different chemical 
shifts) may, in addition, have their chemical shift positions averaged by 
exchange phenomena. If the exchange is considerably more rapid than the 
difference between the two chemical shifts (expressed in hertz) then only one 
sharp resonance signal will appear, midway between the separate chemical 
shift positions; for a much slower exchange, two sharp resonances will be 
observed at the proper positions, while for intermediate rates either one or 
two broad resonances occur. : 

The exchange giving rise to the averaging may be a physical exchange 
of the nuclei (as in the exchange of the OH proton in alcohols considered 
earlier) or merely an internal rearrangement, such as the rotation of a 
methyl group or the interconversion of two chair forms of cyclohexane. In 
the latter, interconversion results in all the equatorial hydrogens becoming 
axial, and vice versa; experiments on substituted cyclohexanes, in which the 
interconversion is inhibited, show that equatorial and axial protons have 
chemical shifts differing by up to about 1 p.p.m, but in the unsubstituted 
compound only one sharp resonance line is observed, showing that the 
interconversion takes place considerably more rapidly than 100 times per 
second. 


7.2.6 Simplification of Complex Spectra 


Frequently when studying all but the simplest compounds, the пт. 257 
trum is a complicated mass of overlapping lines—group® шеш x 
more different coupled splittings with their patterns distorted ie к p 
Chemical shifts, for example. There are several techniques nm oen Р 7 
simplify such spectra апа to convert them to more readily recognizable an 


analysable patterns. ft differences vary with the 
Fi hemical shift di eren ; 
irstly we remember that с nstants do not. Thus if 


strength of the applied field, whereas coupling co iu 
faced with a spectrum obtained with an applied field of 2m s 
spectrum) which shows a distorted pattern because а chemica 

ence is similar in magnitude to а coupling, it is rela! yet 
examine the sample in an instrument operating at à 4 Pe e 
5:1 T (220 MHz) are now common, and some initum. 2 Beha 
to 10 T (400 MHz), the latter using powerful paperei H do MHZ 
220 MHz spectra yield chemical shifts twice as large as tho 
and usually offer considerable simplification. з ^ 

; i increase 

. Another method by which chemical shift separations a hM кл 
is by adding various materials to the sample solution. а 
known that a change of solvent oF of concentration CO 
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effect on chemical shift positions, the magnitude of the effect depending on 
the extent of solute-solvent interactions, but usually not being more than 1 
p.p.m. However, it has been discovered that some complexes of rare-earth 
metals, particularly of europium and praseodymium, have exceptionally 
marked effects. For example, Fig. 7.19 shows the 100 MHz spectrum of 
4-epi-trichodermol, both pure in solution, (i), and with 5 mg and 10 mg of a 
europium agent added, (ii) and (iii) respectively; dashed lines connect the 
bases of some resonances to show how they move under the influence of the 
‘chemical shifting agent’. 

The actual reagent used here is tris(1,1,1,2,2,3.3-heptafluoro-7,7- 
dimethyl-4,6-octanedione) Europium III (or Eu(fod), for short); as befits its 
impressive name, this is a large molecule and, when it is attached to the OH 
group of 4-epi-trichodermol, it not only perturbs the resonance of the OH, 
but its influence spreads over the whole molecule, decreasing inversely with 
distance—the further away a particular hydrogen nucleus from Eu(fod);, 
the less it is shifted.’ Thus the OH resonance moves most rapidly, and, of the 
two hydrogen atoms labelled (a) and (b) on the molecular picture, (b), the 
nearer to the shift reagent, moves more rapidly than (a); this is seen in the 
spectrum by the collapse of their coupled doublets into one line as the 
chemical shifts of (a) and (b) coincide—the AB system becomes А: Equally, 
of the three CH, groups labelled (d), (е), and (f) in the picture, (d) and (е) 
show markedly greater shift than (f). 


In this particular example most of the individual resonances are well 


resolved and distinct in the spectrum of the pure compound, but the use of 


the shifting agent helps in the assignment of certain resonances to particular 
iginal spectrum 15 badly over- 


nuclei. In other cases, however, where the orig! 
plifications. In this context 


lapped, a shift reagent may offer considerable sim " 
it should be mentioned that, while europium reagents shift resonances 
m shift reagents normally cause 


low field (high 5) as seen here, praseodymiu 
shifts in the opposite direction. 7 і 

A third approach towards simplification concentrates on the need 
constants. If coupling can be destroyed between alent a 


i i i ier, the O 
cation ; si alcohols discussed earlier, the - 
follows; thus in the spectra of Ne due to the ined 


signal is seen to be a single line rather than а a 
exchange of the hydrogen nucleus, ane ©” i 
group is decoupled from the OH and exhibits # ee j 
. - . 1 i E 9 
This decoupling can be deliberately carried ow ging the nucleus 


exchange of the spin of the nucleus, rather than exchanging gees 
itself. Consider two coupled nuclei, 4 and X, giving the kin р 
trum of Fig. 7.14(ii); bathing the sample in radiation of freque E ^ lta 
the spectrum of nucleus A to be observed, but it 1S quite Toa pick 
neously to apply a strong radiofrequency field at feq a К isi Ra 
nucleus X to undergo rapid transitions between its two ae eel 
although these changes are not directly observed by the spec 
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that is tuned to frequency v.) the reversals do result in a decoupling of the 
X spin from that of А; consequently the original doublet at v, collapses 
into a single line. Since two separate radiofrequencies are applied to the 
sample, this technique is known as ‘double resonance’. 

Double resonance has further uses besides simplification of spectra. For 
instance, the technique may be used to locate a particular resonance. Thus 


A final application of double-resonance techniques involves the application 
of a weak secondary radiofrequency, rather than the strong radiation re- 
quired for decoupling. Under these conditions only partial decoupling may 
occur and, in some circumstances, extra multiplet Splitting may be ob- 
served. These experiments, known graphically as ‘spin tickling’ experiments, 
lead to measurements of fundamental nm.r. constants, particularly the rela- 
tive signs of coupling constants, 


7.3 NUCLEAR MAGNETIC RESONANCE SPECTROSCOPY: 
NUCLEI OTHER THAN HYDROGEN 


7.3.1 Nuclei with spin i 


In general, any nucleus with a spin of + will give rise to nmr. signals 
provided the appropriate magnetic field and radiofrequency are applied. 
There are many such nuclei, of which probably +°C is the most important 
for the general chemist; formerly this nucleus was difficult to study since it 
gives rise to extremely weak signals and, even after concentration of the 


' For all these nuclei the phenomena of chemical shift and spin-spin 
coupling are observed in the Spectra and generally both are considerably 
larger than their hydrogen counterparts. Thus, while a range of some 15 
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ppm. contains virtually all the known hydrogen chemical shifts, values for 
phosphorus-containing compounds span some 400 p.p.m., fluorine some 
600 p.p.m., and a few metals, notably 2°°ТІ and 207pb, range over 14000 
ppm. or more. This behaviour can be traced to the greater number and 
increased mobility of the extranuclear electrons leading to greater variation 
in diamagnetic shielding. 

The increase in spin-spin coupling constants is probably attributable to 
the same cause although the. increase is not 80 marked as in the case of 
chemical shifts. Thus the coupling between two directly bonded phosphorus 
nuclei is some 600 Hz, while it may be as high as 1400 Hz for phosphorus 


bonded to fluorine. These figures, however, are only some 3-6 times larger 
t H—H coupling of 240 Hz. A further general 


point is that couplings tend to attenuate less rapidly with increase in the 


Two practical advantages 
nuclei. Firstly, less precise instrumentation is require 
data useful for structural determin 


chemical shifts must be measured are correspondingly larger. Secondly, the 


spectra obtained are simpler to analyse in that they have less of the compli- 


cations which arise in hydrogen spectra W 
parable in magnitude with coupling constants. The 
A,M,,X,... type, rather than АВ, СО 

In the following section we ‘give a very brief discussion of ЗС nmr, 
concentrating on areas where there are differences with proton june 
copy, and in Sec. 7.3.7 an even shorter discu i recent studies 11 
3!p spectroscopy. The interested reader is referred to boo d 
raphy for more detailed coverage of the n.m.r. of these and other nuclei. 


7.3.2 19C N.M.R. Spectrosco 
p ру of !H 


The principles governing 13C nmr. are ex 
spectroscopy, although the scale of observed 
been stated, greater for the former. Chemical shifts 1n 
conveniently measured (in p.p.m.) from tetram 


ence so that the same sample can used to study b 5 Оп 
: EE. Ў 20 уап ы 
where TMS is arbitrarily assigned the value д = a ee 7.20 shows 
which reso 


this scale !^C shifts range from 0 to about 250 Р: 
the approximate regions of the spectrum in whic 
nuclei in different chemical surroundings are pe n the atom of 
Spectra, the precise chemical shift of a nucleus | LH ectronegativity of 
atoms attached to it, and there are correlations with the elec d in assigning 
substituents. In ЗС considerable success has been oe ide additivity 
observed resonances to specific atoms withi Jlecules y 

rules for the combined shift effect of several substituents. 


Figure 7.28 The approximate chemical shift ranges of some 


13C resonances. 
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Because of the greater range of chemical shifts '?C spectra nearly 
always contain a separate and distinct resonance for each chemically shifted 
nucleus in the molecule—very little overlap of resonances occurs. This obvi- 
ously simplifies spectra-structure correlation, but we shall see later that the 
intensities of ‘°C resonances usually cannot be so simply correlated with the 
number of atoms contributing to each resonance. 

A further simplification in ‘ЗС spectra is apparent when one considers 
spin-spin coupling with normal samples one can completely ignore direct 
coupling between neighbouring 13C nuclei. This is not to say that such 
coupling does not exist—it most certainly does, and two 13C nuclei bound 
directly together in à molecule, or separated from each other by two ОГ 
three bonds, will give rise to the AX-type spectrum mentioned in Sec. 7.2.2 
for ЇН spectra. However, remembering that 13Ç is present in à normal, 
non-enriched sample, only to the extent of about one per cent natural 
abundance, we can see that the probability of two such nuclei being found 


within a few bonds of each other is very remote. Indeed, if there are fewer 


lecule of sample, then there will be, on 
average, only one ‘С nucleus per molecule. 
Coupling between ‘°C and neighbouring protons, on the other hand, 


shows up clearly in ‘°C пати. spectra, where it can be both à help and a 


hindrance, It is helpful in assigning resonances to particular nuclei in à 


molecule. For example, à -C—H group in à 

structure in the ‘°C spectrum, with a Јен coupling constant Ы oes qe 
Hz; a double-bonded carbon, as in LC-C-H, will show à к ssi 
some 170 Hz, and a triply bonded one, 1 


values are large, and thus easily seen 


correlations exist; equally long-distance coupling, 
is well characterized. As іп +H spectra, the pattern О 
very diagnostic. Thus a C—H fragment yields a.dou? A 
trum, CH, gives a triplet pattern and CH; à quartet. ege 
such a spectrum for CH4C*OOH; here it is the 15 e 10 Hz gives 
recorded, and its coupling to the three distant protons by som 
à clear quartet pattern. 

13C coupling is a hindrance i 
already weak resonance, thus making observation ble resonance tech- 
be overcome very elegantly by an extension of the die radiation at а 
nique mentioned on p. 283. There WS saw that dk oys 
Particular chemical shift position in a ‘Н spectrum iti 
neighbouring nuclei and thus simplifies spectra. he carbons. To do this 
to decouple all the protons in the mo m 
Tequires irradiation of the sample at the зс frequency ( 
example), while observing the spectrum at he 
the same field). If the 100 MHz radiation 1 


n that it ‘spreads 00 
mar 


Figure 7.21 The ‘°C n.m.r. spectrum of acetic acid, enriched in !*C to some 30 per cent at the carbonyl carbon, СНЎСООН. 
(Spectrum reproduced by kind permission of Messrs JEOL, Ltd.) 
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band’ to cover all the proton frequencies in the ѕатріе—і.е., some 100 
p.p.m., or 1000 Hz wide—then the protons will change their spins sufficient- 
ly often to be effectively decoupled from the carbons. This technique, often 
called noise decoupling, simplifies and intensifies the !?C spectrum by col- 
lapsing the spin -spin multiplets to single lines. This results in the loss of the 
pattern recognition advantages mentioned in the previous paragraph, and it 
is often highly informative to compare the noise-decoupled spectrum with 
the non-decoupled one, thus finding how many hydrogens are attached to 
each !°С. 

Noise decoupling also leads to an intensity bonus due to a phenome- 
non known as the nuclear overhauser effect, or NOE. Briefly, we already 
know that the intensity of an n.m.r. signal is closely dependent on the 
(small) difference in population of excited and ground spin states, and that 
once sufficient nuclei have become excited, no more energy can be absorbed 
from the exciting radiation until relaxation has, at least partially, restored 
equilibrium conditions. In the presence of noise-decoupling radiation it 
turns out that other relaxation processes, which do not themselves absorb 
or emit radiation, are induced, so that equilibrium conditions are attained 
more rapidly. This effect, which in !?C spectra typically gives rise to an 
approximate doubling of the signal intensity, is also known as spin pumping. 

Relative intensity measurements of 13C peaks often give apparently 
anomalous results. In Fig. 7.22(a) we sketch the *°C spectrum of ethyl 
acetate as an example. The assignment of the four resonances to the four 
carbon nuclei in the molecule is very straightforward; the resonance at 


о С; 


T 
180 100 


ppm 


Figure 7.22 Representation of the ‘С spectrum of ethyl acetate. 
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6 = 175 is obviously in the C=O region (cf. Fig. 7.20), and the others are 
due to the saturated CH's. In general, the resonance of CH 2 groups 
attached to electronegative atoms (like oxygen) occurs between 5 = 40 and 
6 = 70, which establishes C,; and finally the proximity of the carboxyl 
group (О . C=O) to C, shifts its resonance to higher 6 from C,. The 
intensities, however, are all ‘wrong’, since we would expect four resonances 
of equal intensity. The reason for this is to be found in the differing relax- 
ation times of the four !?C nuclei, as we discuss below. 

When observing n.m.r. spectra of low-intensity samples, like. '°C, by 
Fourier transform methods, the computer averaging technique (see Sec. 
1.9) is invariably used. This requires repeated observation and accumula- 
tion of the spectrum, the accumulated real signals becoming enhanced, 
while the noise components essentially cancel and disappear. However, this 
technique can only be really effective if sufficient time is given between 
excitation pulses to allow the sample to return to equilibrium, otherwise 
maximum energy absorption from successive pulses will not occur. Strictly 
an infinite time should be allowed to elapse, but effectively a period of some 
four or five relaxation times is sufficient for virtually complete equilibration. 
If, as often happens in !?C spectra, the relaxation times for nuclei in differ- 
ent surroundings are quite different, then four or five times the longest 
relaxation time should be allowed. For protons relaxation times are usually 
fairly short, and a delay of two or three seconds between pulses is adequate. 

{ог ‘°C, however, relaxation times are in general rather longer, and often 
very much longer (1-100 seconds is typical), and a delay of four or five 
times, 100 seconds between pulses would obviously make the collection of 
data very lengthy. Normally a delay of some 10 seconds is chosen, which is 
sufficient for nuclei with a short relaxation time to decay and so give rise to 
their ‘proper’ intensity in a spectrum, but those with a longer relaxation 
time will be somewhat smaller than they should be, and those with a very 
long relaxation period may well be very small indeed. A very rough rule is 
that the intensity of a particular signal is inversely proportional to the 
relaxation time of the nucleus concerned. 

To explain differences in relaxation times we need to understand a little 
about the relaxation process itself. In order to give energy to their sur- 
roundings, excited nuclei require a magnetic (or electric) fluctuation to 
occur at approximately their precessional frequency—in this way resonance 
interaction with the surroundings can be set up. The most common source 
of local fluctuating magnetic fields is other spinning nuclei and, since '3C 
nuclei are very isolated from each other, it is essentially only hydrogen 
nuclei attached to a particular ‘°C nucleus, or perhaps two or three bonds 
away, which provide the relaxation mechanism. These ЇН nuclei offer a 
fluctuating magnetic field by virtue of the random movements of the mol- 
ecule and, because we require these movements to occur at about 107-10? 
Hz (so as to resonate with the 13C), we are restricted to fairly rapid tum- 
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bling of molecules in solution. Molecular rotations and vibrations are too 
fast (10!°-10!3 Hz, approximately) and so do not contribute. 

We can explain the intensity ‘anomalies’ of Fig. 7.22, then, as follows. 
The C, carbon has no attached hydrogens and so has a relatively long 
relaxation time (typically about 30 seconds), thus giving rise to a line of low 
intensity. The CH, has, of course, two hydrogens and so can relax relatively 
easily (typical relaxation time of some 2-4 seconds), to give an intense line. 
The two CH, groups, although having three hydrogens, undergo rotation 
about the C—CH, bond, which motion is sufficiently fast to destroy reson- 
ance relaxation. Typical relaxation times for ‘free’ CH, groups are 10-20 
seconds (although any steric hindrance to this rotation lowers the time), and 
the resultant low intensity of their !?C peaks is often used to distinguish 
them from CH or CH, groups in a spectrum. 

The intensity anomaly can be overcome either by spending very much 
longer collecting a spectrum, or by adding a solution of a paramagnetic ion, 
such as iron or chromium, The ‘free’ electrons in such ions can be very 
efficient relaxers, and a !?C spectrum usually exhibits a near-normal inten- 
sity pattern after the addition of such a reagent. At times, however, and 
particularly if the reagent forms a chemical complex with the molecule of 
interest, relaxation at some sites becomes too efficient, and the n.m.r. signal 
becomes too broad to be observed. ў 

Observation of spin-lattice relaxation- times, therefore, can sometimes 
be of assistance in assigning complex spectra—the low intensity of CH; 
group spectra and of carbon atoms not attached to hydrogens, for example. 
In addition, however, T, values are beginning to give insights into various 
aspects of molecular motion such as hindered rotation or movements of 
parts of a large molecule, e.g., side chains in polymers. And, although we 
have illustrated this section with reference to “°C spectra, relaxation 1s а 
phenomenon observed with all spinning nuclei, and relaxation times will 
become just as useful for other nuclei. 


7.3.3 Biological N.M.R.: ?' P Spectroscopy 


зр a nucleus with spin 4 and 100 per cent natural abundance, has always 


а 5 ; ield 
been of some interest in п.ти.г. studies. Although it has a tendency to y 


rather broad spectral lines, it has à wide and diagnostic range phased 
shifts, and its coupling patterns to neighbouring hydrogens can give rt- 
structural information. Recently, however, it has become of AC 
ance in the study of biological materials. Of course, all biological su 


: died 
contain carbon and hydrogen, and so these nuclei could be, and are, studi 


ton 
I MI ae как Adi natural abundance, and pro 
in this respect. However !?C has only а low nai in biological samples; 


spectra are dominated by the large amount of water 1 ‹ ie 
: К я А vely simple to 
IP gives spectra of good intensity which are often relatively р 


interpret. 
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Recently, too, techniques have been developed whereby living systems 
can be examined by n.m.r. Whole plants, small animals, or parts of larger 
animals (e.g., a human arm or leg—still attached to its living host, of course) 
can be placed between the poles of a suitably designed magnet and, with the 
provision of surface coils to direct the radiofrequency radiation to the area 
of interest, ЇР spectra of relatively small areas can be studied. In order 
further to limit the site to be examined, one technique makes use of the 
breadth of phosphorus resonances. Local 'shim' coils are arranged to give a 
good homogenous field only over the volume of interest while allowing the 
field outside this volume to change rapidly with distance. In this way ?!P 
resonances from outside the volume are very broad and merge with the 
background, whereas those from the experimental site are relatively sharp 
and stand out clearly. 

Spectra obtained in this way are already being used for medical 
diagnosis—some disorders are associated with an alteration in the type or 
concentration of phosphorus-containing chemicals in body systems. And 
the same methods have been applied to obtaining °C spectra of living 
systems, particularly to trace the destination of !3C atoms from enriched 
samples. 

Another technique which has been used on living systems is the so- 
called n.m.r. imaging. Here the object is not to produce an n.m.r. spectrum, 
but simply to chart the density of, say, hydrogen nuclei in various regions of 
the sample. The results are very like an X-ray photograph, particularly in 
that bone has a considerably lower proportion of hydrogen than have other 
tissues. They are obtained, of course, without the potential damage which 
can occur from X-radiation—at least it is not currently thought that radio- 
frequency radiation is in any way harmful to living tissues. 


7.3.4 Nuclei with Spin Greater than 4 


We saw at the beginning of this chapter that the application of a magnetic 
field to any nucleus with spin I causes the spin vector to become oriented in 
any one of 21 + i possible directions, each associated with a slightly differ- 
ent energy level. Thus Fig. 7.1 shows the situation for a nucleus with a spin 
of 1, for example, !^N. Since, in a given field, the spacing between the 
energy levels of a particular nucleus are all identical, transitions induced 
between any neighbouring levels will result in the emission or absorption of 
energy at the same frequency. Thus only one resonance line will appear for 
each nucleus. 

In principle, then, any spinning nucleus will give rise to a single reso- 
nance line when the appropriate field and frequency are applied; the posi- 
tion of the resonance for a given nucleus will vary with its chemical 
surroundings and it will be split into a multiplet by interaction with other 
spinning nuclei—in other words, the phenomena of chemical shift and spin- 
spin coupling will be observed. In practice, however, the spectra of nuclei 
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with spin greater than 4 are usually intrinsically weak and not easy to 
observe and they are not much used, in themselves, for analytical or struc- 
tural studies. However, elements such as !*N (spin J = 1), and the halogens, 
chlorine, bromine (both of spin = 3), and iodine (spin = $) occur widely in 
chemistry, and we should consider what effect the presence of these nuclei 
might have, by virtue of spin-spin coupling, on the n.m.r. spectrum of 


neighbouring hydrogen nuclei. 
Let us take the ‘*N—H group as an example; we would expect the 


coupling here to be reasonably large because the two nuclei are directly 
bonded (J, in fact, is observed to be some 50 Hz for this group). Now the 


unit spin of the nitrogen nucleus can take up one of three orientations in an 


applied field (cf. 7.1), which we may represent as 1, >, and |. Comparing 


with Fig. 7.12 we see that the spin direction f will reduce the field at the 


hydrogen nucleus, | will reinforce it to the same extent, while it is plain that 
nance to be split 


_, will leave it unaltered. We expect the hydrogen reso D 
into a triplet, therefore, and since all three spin orientations of the nitrogen 
are equally likely, each line of the triplet will have the same intensity. The 


formation of this 1:1:1 triplet is shown schematically in Fig. 7.23(a). In 
Fig. 7.23(b) we reproduce the spectrum of acidified methylamine, CHNH;, 
to show the triplet structure of the hydrogen resonance. The solution 1$ 
acidified merely to suppress the otherwise rapid exchange of the hydrogens 
attached to nitrogen, which exchange would destroy the N—H coupling. 
One result of this is that the molecule becomes converted to the methyl- 
ammonium ion, CH3NH3 , and so the methyl resonance 1$ split into а 
1:3:3:1 quartet by spin coupling with the —NH$ hydrogen nuclei; the 
fact that this quartet is sharply defined implies that the exchange rate 15 
small. In spite of this we note that the NH triplet consists of very broad 


resonance lines; this broadening is due to quadrupole relaxation which we 


shall discuss shortly. 

We can easily generalize the above discus: her nt Am 
with spin J can take up one of 21 + 1 equally likely spin orientations in an 
applied field; of these, some will reinforce and some reduce the field experi- 


enced by a neighbouring nucleus, so the resonance of the neighbour pea 
split into a multiplet of 21 + 1 lines with equal intensity. Thus а POE 
chlorine nucleus would tend to produce quartet structure in its абі e 
(spin = 3), while a single iodine nucleus (1 = 3) would produce nr ta 


A { adrupole 
practice, however, these splittings are ed because of qu po 


not observ (вве next 

EN" i Si 
relaxation which causes rapid transitions between the spin states 
section). 


sion to other nuclei. A nucleus 


7.3.5 Quadrupole Effects 


In addition to the magnetic moment discussed i 
nuclei with a spin >1 also possess an electric quadr 


arises because the nuclei are not spherical. Such nuclei, 


d throughout this chapter. all 
upole moment, which 
in fact, are shaped 
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Figure 7.23 (a) The formation of a triplet resonance by spin-spin coupling of a hydrogen nucleus and a directly bonded '*N 


nucleus; (Б) the spectrum of acidified methylamine, CH,NH,. 
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either like a symmetrical egg or like a tangerine (elongated, or flattened at 
the poles, respectively). Even if the charge density within the nucleus is 
constant, the distorted shape gives rise to a charge distribution which is 
non-spherical; the electric quadrupole moment is a measure of the depar- 
ture from sphericity, being positive for egg-shaped and negative for 
tangerine-shaped nuclei. For spherical nuclei (ie., spin 4 or 0) the electric 
quadrupole moment is zero. : 

The electric moment interacts strongly with an applied electric field 
and, if such a field has a pronounced gradient at the nucleus, the nuclear 
moment will tend to lie in the field direction; further if the gradient changes 
direction, the nuclear moment will try to follow this change. Thus, consider 
the pyramidal molecule of ammonia, NH,. This has the three hydrogen 
nuclei arranged at the corners of the base of a pyramid, the nitrogen nu- 
cleus being above and equidistant from them. The presence of three posi- 
tively charged nuclei on one side of the nitrogen nucleus produces a strong 
electric field gradient at that nucleus which tends to orient its quadrupole 
moment axis perpendicularly to the plane containing the hydrogen nuclei. 
If, due to molecular tumbling, the molecule rotates as a whole, the nitrogen 
nucleus tends to follow this rotation. So strong is the coupling between 
nuclear electric moment and field gradient that it is sufficient to prevent the 
coherent alignment of the nuclear magnetic moment in an applied magnetic 
field—in other words the quadrupole electric moment supplies a mechanism 
by which the spin orientation may be relaxed. Here, then, we have 
another—and usually very efficient—relaxation mechanism (cf. Sec. 7.15) 
called quadrupole relaxation. eil d С 

If, оп the other hand, we consider the ammonium ion, МНЕ, which 
consists of a nitrogen nucleus at the centre of a regular tetrahedron of 
hydrogen nuclei, there is no field gradient at the nitrogen nucleus. Thus its 


spin can be oriented by an applied magnetic field quite independently of the 
clei—the quad-upole relaxation 1S extremely 


orientation of the hydrogen nu ! а 
weak in this case. We see, then, that the efficiency of quadrupole relax 
Univalent atoms, such 


will depend upon the symmetry of the surroundings. l 1 ) : 
as the halogens, will always be situated in a field gradient which will experi 
n polyvalent atoms, such as ni- 


ence efficient relaxation; the relaxation of 
trogen, will vary from molecule to molecule. 

| i . The first 

Quadrupole relaxation has two effects in n.m.T. spectroscopy Th 

of these, the broadening of the n.m.r. sign | уан 
quadrupole moment, is very similar to the c и 
ation (cf. Sec. 7.1.5). When quadrupole relaxation a eras woah 
particular spin state may be as short as 1074 s or less. Ў 


ai : ich 
Sec. 7.1.5, is comparable to the relaxation time of picis nh d 
we calculated a line width of some 1000 Hz. Such а TH x resolution т.т. 
that it would be impossible to detect with a normal hig entle wander- 
spectrometer, since it would be indistinguishable from dM © 


ing of the background noise. 
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For the second effect of quadrupole relaxation we recall the discussion 
of double resonance in Sec. 7.2.6, wherein an experimental method for 
‘stirring’ or relaxing coupled spins was described. In quadrupole relaxation 
we have another method for destroying coherent coupling between nuclei. If 
the relaxation is highly efficient as, for example, іп halogen nuclei, the 
‘stirring’ is so rapid that coupling is completely destroyed and the reso- 
nances of neighbouring nuclei remain sharp; for less efficient relaxation, as 
in many nitrogen-containing molecules, the coupling is only partially 
destroyed and multiplet but broad resonances result from neighbouring 
nuclei. An example of this has already been seen in the very broad triplet 
formed by the —NH;j group of the methylammonium ion of Fig. 7.23. In 
routine n.m.r. spectroscopy, the only commonly occurring quadrupolar 
nucleus whose effect is noticeable in spectra is, in fact, that of '*N: here the 
effect is usually to broaden the resonance of neighbouring nuclei, sometimes 
with the appearance of multiplet structure. Often the broadening is so great 
that the hydrogen resonances disappear completely into the background 
noise. 

A single crystal of a solid substance has a well-ordered and regular 
structure, apart from possible lattice defects-and any quadrupolar nucleus 
contained in a crystal will find itself in exactly identical surroundings. as 
similar nuclei in other regions of the lattice. Thus all the quadrupole mo- 
ments will tend to lie in the same direction, insofar as this is consistent with 
the Boltzmann energy distribution. Even without the application of an 
external magnetic field such nuclei will be able to absorb energy coherently 
from a beam of radiation at an appropriate frequency. These absorptions, 
which occur in the region 1—1000 MHz, are known as the nuclear quadru- 
pole resonance (n.q.r.) spectrum or sometimes the pure quadrupole spectrum 
to emphasize the fact that an external field is not applied. N.q.r. spectroscopy 
essentially uses the quadrupolar nucleus as a probe to detect and estimate 
electric field gradients in the crystal and the data obtained is invaluable in 
applications of crystal field theory. The spectra are not easy to interpret, 
however, and will not be discussed here; the interested reader is referred to 
the book by Lucken listed in the bibliography. 


7.4 TECHNIQUES AND INSTRUMENTATION 


Basically an n.m.r. spectrometer requires components with functions similar 
to. those already described for other Spectroscopic techniques 
(radiofrequency source, sample holder, radiofrequency detector, recorder, 
etc.) but with the addition of a powerful magnet. We have seen that a 
resolving power of 0:5 Hz requires that the magnetic field be stabilized to 
within one part іп 108 or better and, in addition, it must be the same over 
all parts of the sample under test. These requirements are very stringent. 


ү 
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Many earlier spectrometers used permanent magnets which, when care- 
fully thermostatted, gave very precise and constant fields. They had two 
disadvantages, however. Firstly, the field could not be varied, so a separate 
crystal oscillator was required for each nucleus studied; and secondly the 
field strength was limited to. about 2 T (some 90 MHz for protons) and, as 
we saw earlier, there are advantages in using higher fields. 

Electromagnets can achieve fields up to a little over 2:5 T, although 
very sophisticated electronics is needed to stabilize the current to the 1 in 
108 needed. Higher fields (the current limit is about 10 T) require the use of 
‘superconducting’ magnets. These consist essentially of a few turns of heavy 
gauge wire cooled in liquid helium; at such a low temperature the electrical 
resistance of the wire is negligible and so a large, steady current, once 
started, can pass without loss or change in the field. The obvious disadvan- 
tage of such a system is the expense and difficulty of working at low 
temperatures. The sample, of course, remains at room temperature (or 
whatever other temperature is required), since it is placed in a thermally 
insulated cavity in the magnet. 

Homogeneity of the field over the sample is ensured, in an electromag- 
net, by very careful machining of the pole faces, and by the use of secondary 
‘shim’ coils to adjust the field gradients. Also the sample is often spun 
rapidly to give effective averaging of the field ‘seen’ by all the nuclei. 

Basically the same apparatus is used to observe spectra in the contin- 
uous wave mode (frequency domain) and in the Fourier transform mode. 


We deal with the former first. 


74.1 Continuous Wave N.M.R. Spectroscopy 


The usual arrangement of the components for this method is shown n 


Fig. 7.24 which, it should be noted, is not drawn to scale. The sample. ir 
in a glass tube some 15 cm long and 0-5 cm or more in diameter, bani о 
about 4 ml of liquid, either pure or à solution, with a trace of a re mae 
compound added (for example, TMS for hydrogen spectra). The gin i 
poles are 20-30 cm in diameter, and the рар between them ® A de 
2-3 cm. When recording à spectrum in the field-sweeP nt е, Е АЕ ze 
frequency oscillator (the source) bathes the sample in T^ нони plane. 
100 MHz by means of the coil placed near the sample in а ae ерй by 
The magnetic field is set to 2:5 T and this i iis i 
means of a current produced in the sweep generat 
round the magnet poles. As each nucleu e 
energy from e ша and then, when it reverts to de do dere. 
emitted energy is collected by the detector coil wound rou 
amplified, and passed to the recorder. i ge 

This Med: is by far the simplest technically, ss : 
a magnetic field smoothly, and fairly easy to maintain 


t absorbs 


is easy tO change 
precise frequency 
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Radiofrequency 
oscillator 


Radiofrequency 


Recorder 
detector 


Sweep 
generator 


difficult, but has advantages, Particularly for some double-resonance experi- 
ments, and is sometimes employed. 


Both of these sweep techniques have proved successful for an adequate 
quantity of a sample containing either hydrogen, fluorine, or phosphorus 
nuclei. For instance, some 20 mg of sample dissolved in + ml of a solvent 


7.4.2. Fourier Transform N.M.R. Spectroscopy 


When applied to n.m.r. the FT technique is invariably used in the emission 


excited nuclei in the sample as a function of time, storing the collected 
information in a computer, and mathematically transforming the result into 
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the conventional frequency-domain spectrum. The apparatus required for 
this is thus very similar to that for continuous sweep measurements, except 
that the magnet sweep coils are not needed, and of course a computer must 
be added. 

The sample nuclei must initially be excited by irradiation with a beam 
of the appropriate frequency (i.€., about 100 MHz for protons in a field of 
2:5 T); the radiation must contain frequencies spanning the whole spectrum 
of interest—i.e., ‘white’ radiation—and must have sufficient power to excite 
all the nuclei. This immediately raises problems of ‘saturation’ and, because 
of this, FT n.m.r. spectroscopy is always carried out by using one or more 
short pulses of exciting radiation. We discussed the application of a 90* 
pulse and the subsequent decay of the emission signal in Sec. 7.1.6, and in 
fact Fig. 7.3 summarizes the essentials of a single FT n.m.r. experiment. 

A 90° pulse is ideal, since it produces the maximum signal intensity— 
the bulk magnetic vector, M, of Fig. 7.3 will be tipped completely into the 
xy plane. One disadvantage of using this size of pulse, however, is that we 
need to allow a period of some four or five relaxation times between pulses 
in order to allow spin equilibrium to be reached. For nuclei with a long 
relaxation time, this delay period is inconveniently long. In practice, there- 
fore, a shorter energizing pulse is often used; this produces a smaller initial 
signal (because the projection of M in the xy plane is less) but, since we are 
effectively starting part way along the decay curve, needs a shorter time to 
reach equilibrium. As always а compromise is sought, and a pulse length of 


some 30° to 50° is often used. 


7.5 ELECTRON SPIN RESONANCE SPECTROSCOPY 


5.1 Intr oduction 
t 4 


by bonds in which electron spins are opposed; in this si | ; 
е с magnetic moment, and hence no interaction 


net electron spin, no electroni f 
between the icc spins and an applied magnetic field. On the other 
hand some atoms and molecules contain one OF more € 
paired spins and these are the substances w 
electron spin resonance (e.s.r) spectra; since suc ferred to as electron 
paramagnetism, this type of spectroscopy !5 often relerr 
paramagnetic resonance (е.р.г.). 
Substances with unpaired electron: 
produced artificially. In t 
О,, and NO), and the ion: 
example, Fe?*, [Fe(CN] > etc. These su 


rise naturally ОГ be 
simple molecules NO, 
d their complexes, for 
stable and easily 
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bstances are 
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radicals are greater than about 1076$ they may be studied by esr. 
methods; shorter-lived species may also be studied if they are produced at 
low temperature in the solid state—so-called matrix techniques—since this 
increases their lifetimes, 

Virtually all the theory which we shall need in the discussion of esr. 
spectra has been dealt with in preceding sections of this chapter: Sec. 7.1 is 
particularly relevant here, since it covers such matters as the electron’s 
magnetic moment, its interaction with an applied magnetic field to give two 
energy levels, the populations of those levels, the Larmor precession, and 
relaxation processes. In fact, with the exception of the magnitudes of some 
quantities, the whole of Sec, 7.1 can be carried straight over into the dis- 
cussion of e.s.r. Spectroscopy. Parts of Sec. 7.2, such as the remarks regard- 
ing spin-spin coupling, are also relevant, as we shall see. 

As in all forms of Spectroscopy, four Properties of the spectral lines are 
of importance, viz., their intensity, width, position, and multiplet structure. 
The first two we can deal with quite briefly, the final pair merit separate 
sections, 

© The intensity of an e.s.r. absorption is proportional to the concentration 
of the free radical or paramagnetic material present, Thus we have immedi- 


sample is extremely dilute, and gives a relaxation time of 1076-10-78 8; the 
spin-lattice relaxation is efficient at room temperature (some 10-5 s) but 


certainty (line width) of Qn д)! ~ 1 MHz A shorter relaxation time will 
increase this width, and 10 MHz is not uncommon. Clearly this is a much 


width for a liquid to be some 0-1 Hz, 


The wider e.s.r. lines have advantages and disadvantages. On the credit 
side, the homogeneity of the applied magnetic field is far less critical and 
where, for n.m.r., it is essential to use a magnetic field homogeneous to 1 in 
10* over the sample, for e.s.r. a figure of 1 in 105 is adequate; this represents 
a considerable easing of manufacturing tolerances. On the debit side, how- 
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ever, a broad line is more difficult to observe and measure than a sharp one 
(and it is for this reason that e.s.r. spectrometers nearly always operate in 
the derivative mode, as described in Sec. 1.4), and any effects equivalent to 
the chemical shift in n.m.r. will be masked by the overlapping of broad 


lines. 


7.5.2 The Position of E.S.R. Absorptions; the g Factor 


We know from Sec. 7.1.2 thaí the spin energy levels of an electron are 
separated in an applied magnetic field, Bz, by an amount: 


AE ВВ; y, (116) 
bo 


where f is the Bohr magneton (9:273 x 1072* J T!) and g the Landé 


splitting factor. A 'resonance absorption will thus occur at a frequency 
ption varies 


v = AE/h Hz. From Eg. (7.16) we see that the position of absor 
directly with the applied field and, since different e.s.r. spectrometers Oper 
ate at different fields, it is far more convenient to refer to the absorption in 


terms of its observed g value. Thus, rearranging Eq. (7-16) we have: 


AE hv (7.17) 


and if, for example, resonance were observed at 8388-255 MHz in i > : 
0:30 T, it would be reported as resonance at a g value of 2:0023. T | n 
precise figure is the g factor for a free electron (rather than F ig Bs. 
approximate value of two given by putting bay E; Ga D y T have 
remarkable fact that virtually all free radicals and some ionic ср pu 3 
a g factor which varies only, some +0-003 from this gueme 

this is essentially that in free radicals the elec! 


: as we 
less freely over an orbital encompassing the whole molecule ( 


int wo natal алй S ed to a localized 
he next section) and it is not confined t it behaves in Very much the 


two of'the atoms in the molecule. I 
same way as an electron in free space, 


| iffe 
Some ionic crystals ther hand, have very differe 
ome ionic cell opo © been reported. The difference here 


values between about 0:2 an - > 
is that the unpaired electron is contributed by; and d 0:7 
atom іп the lattice, usually а transition metal ion. the orbital angular 
localized in a particular orbital about the atom» and 
momentum (L value) couples coherently with the SP 
giving rise to a g value consistent with Eq. (5- 
Nonetheless, many ionic crys 
electron value of 2; this may come abo 


„= 
hayap rent g factors, 


the free 
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1. The ion contributing the electron may exist in an S state (that is, L = 0). 
For example, the ground state of Fe**, in which five d electrons are 
unpaired (that is, 5 = $, 25 + 1 = 6), has zero orbital momentum. Thus 
L=0,J=S+L=S, and the term symbol is 9552 (cf. Chapter 5). Since 
J = S, g = 2 (Eq. (5.28)). 

2. The electric fields set up by all the ions in a crystal may be sufficiently 
strong to uncouple the electron’s orbital momentum from its spin 
momentum—i.e., coherent Russell-Saunders coupling breaks down and, 
on the application of a magnetic field, the electron spin vector precesses 
independently about the field direction. Thus the value of L is immaterial 
and the g factor reverts to two. On the other hand, if the internal crystal 
field is weak, or if the paramagnetic electron is well shielded from the 
field (e.g., as in a rare-earth metal, where the relevant electron orbit is 
buried deep within outer electron shells), L and $ couple to produce a 
resultant J which itself precesses about the applied magnetic field, and g 
is given by Eq. (5.28). Intermediate cases also occur where L and 5 are 
only partly uncoupled, the residual orbital contribution to the energy 
giving rise to a g value not easily predictable theoretically. 


7.5.3 The Fine Structure of E.S.R. Absorptions 


In esr. spectroscopy we must distinguish between two kinds of multiplet 
structure; there is the fine structure which occurs only in crystals containing 
more than one unpaired electronic spin, and the smaller hyperfine structure. 
We shall deal with the fine structure first. 

Consider the case of a crystal which contains molecules or ions with 
two parallel, rather than paired, electron spins, resulting in a total spin of 1; 
this is, of course, a triplet state, since 5 = 1 and 25 + 1 = 3. Molecular 
triplet states are often unstable, reverting to the singlet state with paired 
Spins. For example, in the case of naphthalene irradiated with ultra-violet 
light, individual molecules undergo excitation to the triplet state which 
decays quite rapidly to the ground state. Here, however, by cooling the 
crystal to low temperatures, or by diluting the naphthalene in a solid, inert 
lattice, the triplet state can be maintained and examined by e.s.r. techniques. 
On the other hand transition metal ions often exist quite stably in a triplet 
State and are easily studied at room temperature by e.s.r. 

The two electrons per molecule or per ion forming the triplet state can 
be treated for most e.s.r. purposes as a single particle of spin 1. Thus the 
angular momentum vector corresponding to $ = 1 is given by: 


S= SS+ 0 = JZ units 


and, in the absence of a field, the vectors orient themselves randomly. When 
a magnetic field is applied, or if an internal field exists within the crystal, the 


a a 
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External field Dipoiar shift 


applied Pa Ip $;-*1 


(a) (b) 


Figure 7.25 (a) The allowed orientations of two parallel electron spins in a magnetic field, B, . 
(b) The splitting of the energy into three levels, and the dipolar shift, D, raising the $, = 4 
states. 


vectors can take up one of three directions only—essentially with, across, or 
against the field direction, as shown in Fig. 7.25(a); the components of the 
angular momentum in the field direction are, of course, S; = + 1;:0;0m-—1t 
In the field the S, = +1 state is raised in energy, the S, = — 1 lowered, and 
the S, = 0 unaffected, as shown in the centre of Fig. 7.25(b); (note that the 
+1 state is raised in energy, whereas (cf. Fig. 7.1(c)) when dealing with 
nuclei of spin 1 the +1 state is lowered; this reflects, of course, the opposite 
sign of nuclear and electron charges). Under the selection rule, AS, = +1 
only, two transitions are allowed, but both would have identical energy, and 
hence give rise to just one spectral line. In fact two lines of different energy 
are invariably observed, and we must now consider why it is that the energy 
levels are split unsymmetrically; there are several reasons. 

First, remembering that each 5 = 1 state is, in fact, made up of two 
electrons with parallel spins, we know that each spin produces a small 
magnetic field in the vicinity of its partner. This effect is identical with that 
of dipolar spin-spin coupling described in Fig. 7.12 for two nuclei, except 
that it is in the opposite direction, since nuclei and electrons have opposite 
charges—thus here an up spin increases its neighbour's field, while a down 
spin decreases it. Hence for our two electrons, both spins in the S= +1 
state feel an applied field rather greater than the external field, B,, and this 
State is raised in energy; for S, = —1 both feel a smaller field, which again 
raises their energy (remember that increasing the applied field raises the 
S, = +1 energy, but lowers the S, = — 1). In the case of S; = 0, the dipolar 
field is across the main applied field so neither adds nor subtracts from it. 
The S. = 0 energy is, therefore, quite unaffected by dipolar coupling. 

The net effect of dipolar interaction is, then, to raise both the S; = +1 
and 5. = —1 states with respect to 5, = 0, as shown on the right of 
Fig. 7.25(b). Here we show the dipolar raising, D, to be smaller than the 
splitting caused by the main applied field; for small fields, however, it 1s 


304 FUNDAMENTALS OF MOLECULAR SPECTROSCOPY 


clear that both S, = +1 and S, = —1 may lie above S, = 0 in energy, since 
the magnitude of the dipolar shift is quite independent of the applied field. 

Secondly, there may be spin-orbit coupling, whereby the electrons’ or- 
bital angular momenta and spin momenta are combined. Since the net spins 
of S, = +1 and 5, = —1 are oppositely aligned, such coupling may again 
disturb the energy level pattern, but the S, = 0 state will be unaffected. The 
spin-orbit effect may be in the same sense or opposed to the dipolar inter- 
action. 

Finally, if there is a strong internal electric field within the crystal (and 
there will be, unless the substance is highly symmetrical), this will result in 
further perturbations to the energy levels of S, = +1 and S, = — 1, but not 
of S, — 0. 

The net result of these three energy perturbations is usually considered 
under the one heading of the zero-field (or crystal-field) effect, since they 
produce an energy level shift ofthe S. = +1 and —1 states with respect to 
S, = 0 even in the absence of an external field. This situation is shown at 
Fig. 7.26(a), where the S, = +1 states are assumed to lie above the 5, = 0; 
the opposite shift may also arise, but this does not alter the following 
discussion of the spectrum. When a steadily increasing magnetic field is 
applied to the crystal, as in (b) of the figure, the S, = +1 levels diverge and, 
for a given radiation frequency, it is clear that there will be transitions at 


two different applied fields; thus the spectrum will consist of two fine- 
structure lines. 


(a) (5) 


Magnetic field 
——- 
increasing 


Energy 


Sy =t |a — _ __ 


Figure 7.26 (a) The zero-field splitting of a triplet state. (b) The effect of an applied magnetic 
field and the allowed transitions between levels. 
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The zero-field splitting is usually a large effect; for example the ob- 
served separation between the 5; = 0 and the S, = +1 levels in the naph- 
thalene triplet state is equivalent to about 3000 MHz, which is to be 
compared with the energy separation of some 8000 MHz for an externally 
applied field of 0:3 T; some transition metal ions have much larger zero- 
field splittings. Thus in a field-sweep spectrum, as indicated at the foot of 
Fig. 7.26(b), the fine structure separation is large, some 0:1-0:2 T or more, 
compared with the line width of 107 32105 * T: 

Extension of thc above arguments shows that fine structure-splitting 
will occur similarly for crystals containing molecules or ions with more 
than two parallel spins. In general, if there are parallel spins, there will be 
n equally spaced resonances in the e.s.r. spectrum. 


7.5.4 Hyperfine Structure 


This arises through coupling of the unpaired electron with neighbouring 
nuclear spins in much the same way as the coupling.between nuclear spins 
discussed in Sec. 7.2.2. In general a nucleus with spin J will split the reso- 
nance line of an electron into a multiplet with 21 + 1 lines of equal inten- 
sity. The separation between the lines is usually of the order of 
1073-10-* T (i.e, some 50 MHz) which is larger by a factor of approx- 
imately 105 than nucleus-nucleus coupling. The reason is that an electron 
can approach a nucleus much more closely than can another nucleus, and 
so will interact more strongly with it. 

The biggest factor influencing the magnitude of electron-nucleus coup- 
ling is the amount of time which the electron spends in the vicinity of the 
coupled nucleus or, in other words, the electron density at the nucleus. We 
can express this as: 


A= RA (7.18) 


where A is the observed coupling, p the electron density, and R the intrinsic 
coupling for unit density. Thus for the hydrogen atom in the ground state 
the observed hyperfine splitting is some 50 mT (incidentally the largest 
known) and, since the electron density in the Is orbital must be unity (the 
electron is nowhere else), R is also 50 mT. Now in the methyl radical, 

CH,, the electron resonance is observed to have à quartet’ structure with 
lines of intensity ratio 1; 3:3: 1 and a separation of 2:3 mT. The quartet 
pattern is consistent with the interaction of the electron equally with all 
three hydrogens (cf. the similar pattern for the CH, group coupled to CH; 
in the n.m.r. spectrum of Fig. 7.16), and we calculate from Eq. (7.18) that 
p = 2:3/50 = 0-046. This implies that the electron spends some five per cent 
of its time in the 1s orbital of each hydrogen, the remaining 85 per cent n 


the neighbourhood of the carbon atom. 
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We can take this argument further. The coupling between each ring 
hydrogen and the unpaired electron in the free radical p-benzosemiquinone: 


H H 


H H 


is about 0:24 mT. This tells us, firstly, that the electron density at each 
hydrogen is 0:24/50 ~ 0-005. Now in the methyl radical considered above, 
the coupling between electron and hydrogen when the electron density at 
the carbon is 0-85, is 2:3 mT; it follows that the electron density at each of 
the ring carbon atoms in p-benzosemiquinone must be just one-tenth of 
this, 0:085, in order to give a coupling one-tenth as large. Thus we know the 
electron density at each atom of the molecule: each H, 0:005; each C, 0-085; 
each O (by difference), 0:24; or 4, 8:5, and 24 per cent of the electron's time 
is spent at each nucleus, respectively. 

This use of e.s.r. techniques allows us to build up a qualitative picture 
of the electron distribution within a molecule which may help, for instance, 
in understanding chemical reactions—a positively charged reactant will 
plainly tend to attack that part of a molecule where the electron density is 
greatest, and vice versa. However, the observed results are not always in 
good quantitative agreement with the predictions of the molecular orbital 
theory, particularly for situations where simple molecular orbital theory 
predicts zero electron density at some points within a molecule—often 
coupling is observed to occur with nuclei at these points. For instance, the 
methyl radical already mentioned is a planar molecule, with the carbon and 
three hydrogen nuclei in the same plane (Fig. 7.27(a)); the unpaired electron 
is considered to be held in a p orbital with lobes above and below this plane 
and, since the plane is a region of zero electron density for the orbital, there 
can be no electron density at the hydrogen nuclei arising directly from the 


Unpaired electron 


Nodal plane 


(a) (b) (2) 


Figure 7.27 (а) The CH, radicàl showing the nodal plane of the р orbital containing the 
unpaired electron; (b) positive and (c) negative coupling between the unpaired electron and a 
neighbouring nuclear spip. 
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unpaired spin. Thus p = 0 and so, since A is observed to be non-zero, it 
would seem that Eq. (7.18) does not apply. 

A better account of the observed coupling can be given by following an 
argument very similar to that given in Sec. 7.22 and Fig. 7.13(i) for indirect 
nucleus-nucleus coupling. Thus in Fig. 7.27(b) the unpaired electron, with 
spin up, say, can be considered to polarize the other carbon electrons 
preferentially into the spin up situation (Hund’s rule), so that the other 
electron in each C—H bond will have a spin down orientation (Pauli's 
principle), and this will tend to align the hydrogen nuclear spins in the up 
direction. Hence the unpaired spin and the nuclear spin will tend to lie in 
the same direction and coupling exists. We can still apply Eq. (7.18) pro- 
vided we agree to take p as a measure of the spin density of the unpaired 
electron (i.e., its influence at a remote point) rather than its physical density. 

By the same argument it is clear that negative coupling—negative spin 
density—can occur. If we add a further carbon atom into the chain, the 
situation is as shown in Fig. 7.27(c); here the two electrons on the new 
carbon atom will tend to have parallel spins (Hund's rule again), and so the 
unpaired electron-nucleus configuration will be in the opposite sense to 
that in (b). 

These ‘configuration interaction’ effects can be allowed for quantita- 
tively in a refined version of the molecular orbital theory, and then excellent 
agreement is observed with experimental results. It seems that there is now 
ample justification for using e.s.r. spectrocopy in the accurate measurement 
of electron spin densities at various points within a molecule. 


7.5.5 Double Resonance in E.S.R. 


The concept of double resonance in e.s.r. spectroscopy exactly parallels that 
in n.m.r.—observation of a spectrum at one frequency while simultaneously 
irradiating at another. In e.s.r. there are two possibilities—the second fre- 
quency may be either at nuclear or at electron resonance frequencies—and 
these are called endor (electron nuclear double resonance) and eldor 
(electron-electron double resonance) respectively. We shall deal only with 
the former; it is technically the simpler and is used more often than eldor. 
Consider the simple case of a single unpaired electron interacting with a 
nucleus of spin 1—an organic radical where the electron couples with a 
hydrogen nucleus is an obvious example. In an applied field both the elec- 
tron and the nucleus will occupy one of two different energy states (spin ‘up’ 
or ‘down’), and so there is a combined total of four energy states available. 
We may build up the energy level diagram for the system in the folowing 
way (Fig. 7.28). The electron energy is split by the applied fieid into two 
widely separated states—if the field is 0-3 T then the separation is ѕоте 
9000 MHz—as shown on the extreme left. Remember (and cf. Sec. 7.1.2) 
that the ‘down’ spin of an electron is more stable than the ‘up’ spin, because 
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Figure 7.28 An energy level diagram illustrating coupling between electron and nuclear spins. 


of the electron’s negative charge. In the same field the hydrogen energy is 
split by some 13 MHz only, so we can initially simply add or subtract the 
nuclear energy, depending upon whether the nuclear spin is down or up, 
arriving at the four levels labelled |f, ||, 11, and 1| in the figure. Here we 
show the electron spin first, and remember again that the nuclear spin ‘up’ 
is stabilized in a field. This gives the energies in increasing order as shown. 

The arguments so far, however, have ignored electron-nucleus 
coupling—we have simply superimposed the nuclear energy values on to 
those of the electron and have not included the possibility of mutual inter- 
action of the energy states. When we do include this, we remember that 
states with paired spins (11 and |) tend to be stabilized, or lowered in 
energy, while parallel spins (11 and ||) are raised. The dotted lines of 
Fig. 7.28 indicate the effects of these interactions, yielding the set of energy 
levels on the right of the figure. The reader should note the similarity 
between this figure and Fig. 7.14, which describes the energy levels for two 
coupled nuclei. The only difference is that of scale—in Fig. 7.14 the nuclear 
frequencies are all the same order of magnitude; here the electron and 
nuclear energy-level spacings differ by a factor of 1000. 

Transitions in the е.ѕ.г. region (those which change the electron’s spin 
only) are shown in Fig. 7.28 and, as expected, give rise to a doublet due to 
coüpling with H. Similarly the n.m.r. transitions, involving the hydrogen 
spin only, also show two resonances. It is not particularly easy to observe 
the n.m.r. resonance of a radical directly—many factors are against this, 
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such as the small concentration of radical giving a weak signal ; broadening 
due to the efficient relaxation by the ‘free’ electron; stability problems with 
the radical, etc.). We can, however, see the effect of applying n.m.r. fre- 
quency radiation while looking at the e.s.r. spectrum. 

Imagine bathing the sample in fairly intense e.s.r. radiation so as to 
saturate, say, the 1 — 3 transition. This means that there will be no net €.s.r. 
signal observed, because the populations of levels 1 and 3 are equal. If we 
now also apply radiofrequency (n.m.r.) radiation to the sample, while still 
observing at the e.s.r. frequency, we can imagine sweeping the n.m.r. radi- 
ation slowly upwards. At some point we shall induce the 3— 4 transition, 
thus raising some molecules to level 4 and so decreasing the population of 
level 3. As soon as this happens, e.s.r. radiation will be absorbed once more, 
because there is now ‘room’ in level 3 for the transition 1 3 to occur. So 
sweeping through the n.m.r. resonance causes а signal in the e.s.r. spectrum. 
If we continue to raise the n.m.r. frequency until resonance with the 1 2 
transition occurs, we shall again disturb the relative populations, and 
another e.s.r. signal will be seen. 

Initially, then, the endor spectrum of this system does not look very 
exciting—two lines separated by the coupling constant, which is exactly the 
same information as can be gained from the e.s.r. spectrum alone. There are, 
however, two reasons why endor techniques are useful. 

Electron spin resonances are often very broad and it is not always 
possible to resolve spectra sufficiently well to see splitting due to nuclear 
coupling. Endor spectra, on the other hand, depend on the width of the 
nuclear resonance, because it is only while passing through the latter that 
an e.s.r. signal is observed. Although the nuclear signal is often considerably 
broadened by relaxation via the free electron, it is nonetheless much sharper 
than e.s.r., so nuclear coupling is often very much easier to observe, and the 
coupling constants themselves are more accurately evaluated, from the 
sharper spectral lines given by endor. 

Additionally, if the e.s.r. coupling is to a nucleus with a spin greater 
than 4, perhaps to nitrogen (J = 1) in an organic molecule, or to a metal ion 
in a crystal, the e.s.r. signal is split into I + 1 lines. If resolved, this splitting 
gives a complex spectrum; if unresolved, it gives a very broad signal. The 
endor spectrum is much simpler; whatever the spin of the coupled nucleus, 
its resonance is split only into a doublet by interaction with the single 
electron. 

We should point out that the above description of endor does not 
represent the way in which such experiments are actually carried out. We 
have discussed fixed energy levels and varying applied frequencies. Infact it 
is technically simpler to keep the applied e.s.r. frequency constant and to 
vary the energy levels by varying the magnetic field until resonance occurs. 
It is simpler to think of the process in the way we have done above, 
however, and none of the principles are altered. 
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7.5.6 Techniques of E.S.R. Spectroscopy 


We have already seen that e.s.r. spectroscopy, as usually carried out, falls 
into the microwave region of the spectrum. The brief description of micro- 
wave apparatus already given in Sec. 2.5.1 applies equally to e.s.r., therefore, 
with the additional requirement for a magnet operating at some 0-3 T. The 
magnet is invariably an electromagnet, and is equipped with subsidiary 
coils and a sweep generator to give the wide field scan necessary for e.s.r. 
work. 

Additionally, coils are usually fitted to supply an oscillating magnetic 
field of strength a few microtesla and frequency some hundreds of cycles per 
second; this has two purposes. Firstly, it provides a modulator (or 
‘chopper’) frequency to which the detector-amplifier system may be tuned in 
order to improve the signal-to-noise ratio. Secondly this arrangement can 
be used to display the spectrum in the derivative mode, as is usual for e.s.r. 
In Fig. 7.29(a) we show the (constant) amplitude of the modulation field as 


Signal 


Constant field 
modulation 


Main field ———— 


(b) 


Figure 7.29 (a) An absorption spectrum showing the constant amplitude of the field modula- 
tion and consequent signal change leading to (b), the corresponding dispersion spectrum. 
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the main field is swept over the absorption spectrum. In regions where the 
absorption spectrum is varying slowly the signal change monitored over 
each cycle of the modulation is small, whereas when the spectrum changes 
rapidly, the signal change is large. Thus the signal change measures the 
slope of the spectrum and this may be recorded directly as the derivative 
curve, as in Fig. 7.29(b). The latter has two main advantages for e.s.r. spec- 
troscopy: (1) the point of maximum absorption is difficult to measure accu- 
rately with a broad absorption curve, but is shown with much greater 
precision as the intersection of two lines in the derivative mode; (2) it is also 
more accurate to estimate the intensity of a derivative signal than that of 
the corresponding broad absorption. 
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PROBLEMS 
(Useful constants: h = 6:626 x 10734 J s; By = 5:051 x 101 HjyT-!) 
7.1 A particular n.m.r. instrument operates at 30.256 MHz; what magnetic fields are required 


to bring a hydrogen nucleus and a !?C nucleus to resonance at this frequency? (Use data from 
Table 7.1.) i 
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7.2 The four lines from an AX spectrum are observed at 6 = 5:8, 5-7, 1:1, 1:0 (measured from 
TMS with an instrument operating at 100 MHz). What are the chemical shift positions (in à) 
of the A and X nuclei, and the coupling constant (in hertz) between them? 


7.3 Vinyl fluoride exhibits the following approximate coupling constants: 
Jan- = 5 Hz Jar = 85 Hz 


С=С Jun- = 13 Hz Jur = 50 Hz 
н” [ESI SHE. 250Hz 
Sketch the n.m.r. spectrum of the fluorine nucleus, assuming that the chemical shift differences 
between the hydrogen nuclei are all large compared with their couplings. 


74 A fictitious non-spinning nucleus B forms pentavalent compounds; one such is 
H,B—CH,, where the BH, group forms a square pyramid with B at the apex, and the methyl 
group is free to rotate about B—C bond. Sketch the n.m.r. spectrum, assuming that all 
chemical shifts are large compared with the couplings. 
7.5 Predict the number of lines in the e.s.r. spectrum of each of the following radicals: 

(a (CF,H]’ (Б) [^CF;H]* 

(c) [CF,D]* (d) [CCIH;]* 
(The spin of D is 1; other spins are given in Table 7.1.) 
7.6 CD,COCD, (deuterated acetone) is often used as a solvent for n.m.r. spectra since it 
should exhibit no proton resonance. In fact samples usually contain some residual 
CD,COCD,H. Predict the spectrum of this molecule, assuming no coupling between the CD, 
and CD,H groups, and remembering that the deuterium nucleus has a spin of 1. 
7.7 Although the low-temperature n.m.r. spectra of solids usually show broad resonance, 
raising the-temperature often causes a sudden narrowing, even though the sample is still well 
below its melting point. Explain this observation. 


CHAPTER 


EIGHT 
MOSSBAUER SPECTROSCOPY 


Mossbauer spectroscopy, named after its discoverer who received a Nobel 
prize in 1961 for his work, is concerned with transitions between energy 
levels within the nuclei of atoms. About a third of the known elements, 
principally the heavier ones, when formed by the radioactive decay of an 
isotope of the same or a different element, are initially produced in an 
excited nuclear state; after a very short delay, of the order of microseconds, 
the excited nucleus reverts to the ground state and emits energy of a Very 
high frequency, usually in the y-ray region of the spectrum. It is the study of 
this y-tay emission and subsequent reabsorption which constitutes Möss- 
bauer or y-ray spectroscopy. 


8.1 PRINCIPLES OF MOSSBAUER SPECTROSCOPY 


In this section we outline the essentials of y-ray spectroscopy using as our 
example the iron nucleus—one of the most thoroughly studied in this re- 
spect. The isotope 5"Fe is conveniently produced by the decay of radioac- 
tive "Co, which is a relatively long-lived species, having à half-life of some 
270 days. A simplified energy level diagram for the process is shown in 
Fig. 8.1 where, following electron capture, the cobalt nucleus is seen to 
produce 57Fe in an excited energy state, designated Fe*; Fe* very rapidly 
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Figure 8.1 Simplified energy level scheme Showing the decay of radioactive 57Co to excited 
state and then ground state 5"Fe. 


drops to the ground state Fe, the energy change involved being 
AE = 2:30 x 107! J (per nucleus). The frequency of the emitted y-ray is 
thus у = AE/h = 3:5 x 108 Hz. Now if a second Fe nucleus, initially in the 
Bround state, were to be put in the emitted radiation beam, it would be 
expected to absorb energy from the beam and to become excited into the 
Fe* state. A y-ray detector (a scintillator or a geiger counter) placed in the 
beam behind the absorber should show that this has happened. In fact, it 
was found possible to observe y-ray absorption only if the source material 
Were moved relative to the sample; the two main reasons for this are of 
fundamental importance, and we discuss them now. 

Firstly, consider the width of the y-ray emission; the half-life of the 
excited state Fe* is about 1:5 x 1077$ and, replacing this in Eqs (1.10) and 
(1.11), we see that the Heisenberg uncertainty principle gives the energy 
uncertainty as дЕ ~ 10° 4/5t ~ 10-27 J, and the frequency uncertainty as 
Óv & 10° Hz. These uncertainties are very small when compared with the 
energy change of 1075 J, and the associated frequency of 3:5 х 10!8 Hz— 
the excited state energy level is very precisely defined. In fact, the relative 
line width, óv/v = 10712, is very much smaller than that found in any other 
spectroscopic technique. For instance in n.m.r. Spectra we have encountered 
a line width of some 0:1 Hz in 100 MHz, for which бу/у ~ 10-8; in the 
infra-red region, óv/v is about 10-5 for gases, rather larger for liquids. 

The second factor is that, with such very sharp emission frequency, any 
effect which produces a change in the nuclear energy levels or in the radi- 
ation frequency itself will prevent resonance reabsorption. One very import- 
ant effect exists in the motion of the emitting nucleus. A photon of 


i 


MOSSBAUER SPECTROSCOPY 315 


frequency 10'* Hz has а relatively large momentum (given, according to the 
de Broglie relationship, by h/4 where 7 is the wavelength) and, when this is 
ejected by the nucleus, the nucleus will recoil considerably in order to 
conserve the total momentum. A simple calculation shows that the nuclear 
recoil velocity is of the order 10? m s^ 1 Now it is well known that, when a 
moving body emits radiation (or sound) a stationary observer sees (or 
hears) a shifted frequency; this, of course, is called the Doppler effect. Spe- 
cifically the frequency shift Av is given by: 


лу Hz (8.1) 
с 


where v and с аге the frequency and velocity of the emitted radiation, 
respectively, and v is the relative velocity of source and observer. For our 
Fe* nucleus, recoiling at 10 ms^! and emitting radiation at 
73:5 x 101° Hz: 


3:5 x 1018 x 10? 
o One 
y 3 x 10° 1 Hz 


This shift, although small relative to the emission frequency of 10'® Hz, is 
very large indeed compared with the line width of 10$ Hz. 

It is these factors then— nuclear recoil moving the emitted frequency 
some millions of line widths away from the position of the absorption 
frequency—which earlier prevented the study of y-ray spectroscopy. Möss- 
bauer’s main contributions—elegantly simple when seen in retrospect— 
were, firstly, to use solid crystal lattices as emitters, in which the emitting 
nucleus is firmly fixed to surrounding nuclei, and hence has a very large 
apparent mass within which the recoil energy can be dissipated, and further 
to cool both source and sample to low temperatures so that thermal mo- 
tions of the lattice atoms are reduced to a minimum. 

In this way it was shown, for instance, that the y-ray emission from a 
piece of radioactive cobalt metal (that is, Fe* nuclei in a metal lattice) could 
be absorbed by metallic iron. However, it was also found that if the iron 
sample were in any other chemical state, the different chemical surround- 
ings of the iron nucleus produce a sufficient effect on the nuclear energy 
levels for absorption no longer to occur. The final requirement in our 
spectroscopy—we already have source, sample, and detector—is some scan- 
ning device so that we may search for the precise absorption frequency ofa 
particular sample. The Doppler effect here becomes useful rather than a 
nuisance. 

We have seen that a velocity of 10? m s^! produces a huge Doppler 
shift: a similar calculation from Eq. (8.1) shows that а velocity of 1 cm s^ i 
(107? m s^!) produces a shift of 108 Hz—which, being about 100 line 
widths, represents a reasonably wide scan of the spectrum. Experimentally, 
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Figure 8.2 Two experimental arrangements for Méssbauer spectroscopy; (a) shows a screw- 
thread drive, and (b) an oscillating drive for the 5?Co source. 


then, we could proceed as in Fig. 8.2(a). Here a piece of 57Co is mounted on 
a screw thread, rotation of which gives a steady velocity drive to the source. 
A geiger counter mounted behind the sample will show a sudden fall in the 
count rate when the sample starts to absorb the y-rays emitted by the 
source. A complete spectrum will have to be examined point by point, since 
for any one source velocity the Doppler shift is constant, and so one would 
need to set up perhaps a hundred different relative velocities of source and 
sample, varying from +1 cm s^! through 0 to —1 cm s^!, to cover a 
reasonable range of frequencies. 

A much more convenient arrangement is shown in Е. ig. 8.2(b) where the 
source metal is seen mounted on what is essentially a loud-speaker coil. An 
alternating current of a few cycles per second is applied to the coil so that 
the source oscillates back and forth. At the extremes of its motion it will 
have zero velocity relative to the sample, whereas at the centre it will have 
its maximum velocity either towards or away from the sample. The geiger 
counter output now needs to be fed to a multi-channel computer wherein 
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the results from each point of the source’s movement are collected and 
summed over each cycle. A time of several minutes to a few hours is usually 
sufficient to record a good spectrum. The final spectrum is displayed on 
counts per second versus centimetres per second scales, a fall in counts per 
second indicating y-ray absorption by the sample. t 
In essence then, Móssbauer spectroscopy is simple. Excited nuclei must 
be available from some source, which should be fairly stable (i.e., have a 
half-life of at least several weeks) so that its frequent replacement is unne- 
cessary, and so that the rate of decay, and hence the intensity of y-emission, 
stays sensibly constant during an experiment of several hours. The excited 
nuclei must decay to the ground state rapidly, emitting y-rays in the 10*7— 
102° Hz range. A Doppler shifting device, a geiger counter, and a small 
computer complete the apparatus. Against this apparent simplicity, how- 
ever, it must be remembered that the relative velocity of source and sample 
must be very precisely controlled (an error of 0:01 cm s^! in the velocity 
‘shifts the frequency by more than one line width and could easily render an 
absorption undetectable), and that the source and sample should ideally be 
maintained at the temperature of liquid helium. However, as stated earlier, 
many nuclei fulfil the required conditions and have been studied by y-ray 


techniques. We turn now to consider some applications. 
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8.2.1 The Chemical Shift 


It has already been mentioned that a nucleus in chemical surroundings 
different from those of the source does not absorb at the same frequency; 
this effect is referred to as the chemical shift, or sometimes as the isomer 
shift, and an observed shift is usually reported in cm s^!, conversion to 
hertz or megahertz being trivial but unnecessary. Such a shift is illustrated 
in the Móssbauer spectrum of the ferrocyanide ion, [Fe(CN),]^^, in 
Fig. 8.3(a), where we see that the single sharp absorption peak occurs ata 
velocity of about —$ mm s^! with reference to the *Fe in а ?"Co source as 
Zero. 

The main factor affecting the magnitude of chemical shifts is the elec- 
tron density at the nucleus concerned and, since p, d, etc., orbitals have zéro 
density at their nuclei, we may be quite specific and say that it is the 5 
orbital density which is important. Observation of shifts, then, allows 
measurement of relative s electron density which, in turn, gives an estimate 
of the bond character of atoms or ions chemically attached to the Möss- 
bauer nucleus. Thus in a series of tin compounds, using the Mossbauer 
isotope !!?Sn, the chemical shifts given in Table 8.1 are observed; the outer 
electron structure of the tin atom is 5525p2, so in the 4+ state tin has no 
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Figure 83 The Móssbauer spectra of (a) the [Fe(CN),]*~ ion and (b) the [Fe(CN);NO]* ion, 
showing quadrupole splitting. 


outer s electrons, whereas in the 2+ state it is assumed that the (higher) 5p? 
electrons are removed, leaving two s electrons. In its four-covalent state, 
where the compounds are tetrahedral and the configuration is 5(sp?), there 
is essentially only one s electron. The chemical shifts reflect these structures 
almost linearly. Clearly it is a relatively simple matter to discover the 
valence state of an unknown tin compound from its Méssbauer spectrum. 

Another important factor affects chemical shifts; nucleic in excited 
states usually have a different radius from those in the ground state—they 
may be either smaller or larger. Theoretically it may be shown that the 
chemical shift is given by: 
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Chemical shift = const (p2, — р) (=) (8.2) 


gd. 


where p° represents s electron density at the excited and ground state 
nuclei, and R is the radius of each nucleus; the constant is simply a univer- 
sal proportionality factor. For any given nucleus, of course (К, — Rya)/Rega. 
is constant, and so relative electron densities can be determined as stated 
above. However, the sign of the chemical shift will depend on whether К, 1 


Table 8.1 Chemical shift of some '!?Sn 


compounds 
a a ĖŐōŐ— 
Electron Chemical shift 
Valence state configuration (mm s`!) 
Sn** 5s?5p? wp 
Sn (4-covalent) 5(sp?) 24 
S^ 5s?5p9 3:7 


eee 


MOSSBAUER SPECTROSCOPY 319 


is larger or smaller than Rpa.. One way to discover which is the larger is to 
examine a sample under high pressure; here the assumption is that the 
compression increases the electron density near the sample nucleus, so 
(02, — ра) decreases, and then the sign of the observed chemical shift 
change gives the sign of (Rex. — К,а). 

Measurement of change of nuclear size on excitation clearly has great 
importance for theories of nuclear structure. For instance, it is an observed 
(but as yet unexplained) fact that in !?9I the excited nucleus is larger, 
whereas in 127I the ground state nucleus has the larger radius—it is rather 
surprising that the addition of two neutrons should have such a profound 
effect on the nuclear structure. These nuclei are formed in the excited state 
by decay from the radioactive tellurium nuclei, !??Te and *?’Te. 


8.2.2 Quadrupole Effects 


It happens that the majority of Mossbauer nuclei have non-zero spin and, 
further, that most of them have half-integral rather than integral spins. The 
spin of the excited state is invariably different from that in the ground state 
(and, indeed, there is a selection rule which says that this must be so), and 
so it follows that either or both of the nuclear states must involve a spin 
greater than 4, that is, one or both will have a quadrupole moment (cf. 
Sec. 7.3.5), and this will interact with electric field gradients in the vicinity. 

A fairly comnion situation is for the excited state nucleus to have 1 = 3 
(and thus a quadrupole moment), and the ground state I = 1; this is found, 
for example, in ?"Fe, !!?Sn, and 129Xe. For this case the four (that is, 
21 + 1) possible orientations of the excited nucleus in an electric field along 
the vertical (z) direction are shown in Fig. 8.4а). Now since the angle which 
the cigar-shaped nucleus (assuming the nucleus to have a positive quadru- 
pole moment) makes with the field gradient is the same in the I, = +4 and 
the 1, = —4 states, these two states have the same energy in the field. 
Similarly the J, = +3 states have the same energy, although obviously this 
energy will be different from that of the +4 states. Thus the excited nuclear 
energy, shown in (b) of the figure, splits into two levels, part (c), when an 
electric field gradient exists at the nucleus. With a positive quadrupole 
moment the + states are raised in energy and the +4 states lowered, 
whereas if the quadrupole moment is negative (tangerine-shaped nucleus) 
the reverse is true. The splitting is small, with normal electric fields but, as 
the spectrum of the nitroprusside ion, [Fe(CN);NO] . in Fig. 8.3(b) shows, 
it gives quite an observable effect. It should be noted that the electric field 
causing the splitting here is not externally applied, but is inherent in the 
structure of the ion. Thus comparing Fig. 8.3(a) with (b), we see that the 
Fe(CN)¢~ ion is sufficiently symmetrical for there to be no net field gradient 
at the iron nucleus, while replacement of one CN group by NO produces an 
internal field. 
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Figure 8.4 (a) The four allowed directions of a nuclear spin І = 3.(b) The energy levels of the excited and ground state in the absence of an electric 
field. (c) The energies in the presence of a field. 
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While useful data on the magnitudes of internal crystal fields can be 
obtained from such spectra, it should be pointed out that a simple explana- 
tion is not.available for every spectrum so far observed. Thus some com- 
pounds which might be expected to possess internal electric fields do not 
show splitting, and some which would be expected to show a single spec- 
trum, show unexplained multiplet structure. 

When other spin quantum numbers are involved, or when both ground 
ad excited state nuclei have a quadrupole moment, no new principles are 
involved and an extrapolation of the above arguments usually yield a con- 
vincing explanation of observed spectral structure. 


8.2.3 The Effect of a Magnetic Field 


The non-zero spin which we have seen to be associated with either the 
excited or the ground state nucleus—and usually with both—will interact 
with a magnetic field in the manner already described in Chapter 7. Each 
energy state will split into 21 + 1 separate energy levels, the spacing 
between them being AE = gByB./h, where В, is the magnetic field at the 
nucleus. In general the g values of the excited and ground states will differ, 
so the splitting in each state will be different; and in addition, the g values 
may have opposite signs (as in the case of 57Fe, where the excited state g is 
negative). 

Figure 8.5(a) and (b) show the situation for this nucleus; at (a) the 
energy levels are shown in the absence of a magnetic field, whereas in (b) the 
field is shown splitting the ground state (I = 4, g positive) into two sub- 
levels, and the excited state (I =, 9 negative) into four. Following the 
conventions of Sec. 7.1.2, we show the I, = +4 sub-level of the ground state 


nucleus to be lower than that of I, = —4, while the sub-levels of the excited 
state increase in energy in the order I, = —3, -4, +4 +3. 


А The-selection rules for Móssbauer spectroscopy are complicated; essen- 
tially all transitions for which AI, = 0 or +1 are allowed, as shown on the 
diagram, but the relative transition probabilities are found to differ accord- 
ing to the states involved. Thus if we consider the six transitions in pairs, 
and эйе the Fe* state first, we have () ex cien i р 
-ie- (iii) eL +40 i Detailed calculation shows that, while 
the two members in each pair have the same probability, the relative prob- 
abilities of the three pairs are 3:2: 1 for (i) : (ii) : (iii). The overall spectrum 
will, therefore, be as shown at the foot of Fig. 8.5(b), and it is precisely this 
type of spectrum which has been observed, for instance, in the case of 
metallic iron. 

We should. note that the magnetic field necessary to cause the energy- 
level splitting may be applied externally, but it also often happens that 
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Figure 8.5 (а) The excited and ground state energy levels of "Fe and (b) the splitting pro- 
duced by à magnetic field. In (c) the effect of a simultaneous magnetic and electric field is 
shown. 


internal effects within the sample produce sufficient field to cause observable 
splitting. By using an external field to ‘calibrate’ the spectrum, it is quité 
possible to estimate the magnitude of the internal fields, and in this way 
fields 20-50 T have been found for various compounds of "Fe. Such fields 
are large compared with the 5-10 T fields created by superconducting 
magnets, but one should not suppose that the internal field extends uni- 
formly through the bulk sample—the field is formed by interaction of the 
nucleus with its surrounding electrons and this is probably an extremely 
localized effect. 

If an electric field exists within the sample as well as an internal or 
external magnetic field, then the quadrupolar shifts are superimposed on 
the magnetic splitting. In Fig. 8.4 we saw that, for a positive quadrupolar 
moment, the +3 states are moved upwards in energy, while the +4 states 
move down. This effect is shown in part (c) of Fig. 8.5 and we see that, since 
the selection rules and transition probabilities are unchanged, a six-line 
spectrum is again produced, but that the lines are no longer equally spaced. 
A spectrum of this type is observed for iron difluoride, FeF, . 


—————— 
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PROBLEMS 
(Useful constants: h = 6:626 x 10734 J s; c = 2:998 x 105 m s^) 


8.1 A photon of wavelength 4 has an equivalent momentum of h/A. Calculate the recoil 
velocity of a free Móssbauer nucleus of mass 1:67 x 10725 kg (that is, atomic weight 100), 
when emitting a y-ray of 0-1 nm wavelength. What is the Doppler shift of the y-ray Írequency 

to an outside observer? 

8.2 A particular Móssbauer nucleus has spins of $ and 3 in its excited and ground states, 

respectively. Into how many lines will the y-ray spectrum split if: (а) the nucleus is under the 

influence of an internal electric field gradient, but no magnetic field. is applied; (b) there is no 

electric field gradient at the nucleus but an external magnetic field is applied; (c) both an 

internal electric field gradient and an external magnetic field are present. 
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Ee 
ANSWERS TO PROBLEMS 


Chapter 1 


114 v 22:998 x 10? Hz; = 10 стт"; AE = 1:987 x 10729 J mol" * or AE = 1:196 x 10* J 
mol~!; 4 = 5 um (that is, half as large). 

1.2 (a) HBr only; (b) HBr and CS, (for the asymmetric stretch and the bend only). 

1.3 (a) дЕ = 107?? J; бу e 107? Hz. (b) ФЕ = 107?! J; бу = 1 Hz. 

14 For 4.005 x 10-2? J: (a) 368; (b) 818; (c) 905; (d) 990. For 4:005 x 107?! J: (a) 0; (b) 135; 
(c) 368; (d) 905. 


Chapter 2 


24 В = 035717 ст^!; I = 7837 х 10742 kgm?; r = 1:756 х 10-10 m. For J 2 9—J = 10 
the value of Az is 7:1434 cm '; the maximum population is at J = 17. 
2.2 In general, @/2л = 2Bc/ J(J + 1) t/s, hence (a) zero; (b) 3-02 x 10 
23 НЗ? CI: В = 10.5739 cm~ +; С: B = 5-446 em ^. 
2.4 The quickest way to evaluate J, B and D is to note that the separations between the given 
lines are about 16:8 стт '; this suggests that 2B is about 17 cm, from which the first line, at 
84-544 cm~', obviously corresponds to the J = 4— J = 5 transition. Using this, B and D сар 
be calculated from two of the lines and checked using the third. Hence: В = 8473 ст ; 
р = 371 40% cm7!;r- 1414 x 107'9т;0 = 2560 ст” *, approx- 


"0, (с) 11:24 х 10!? r/s. 
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7.5 (a) 6; (b) 12; (c) 9; (d) 12. 


7.6 Each D nucleus, having a spin of 1, splits the neighbouring Н (of CHD,) into three lines of 
equal intensity. Use the family tree method to show that the resultant overlapped spectrum is 
а 1:2:3:2:1 pentet. 

7.7 Small groups, such as —CH, or C,H,—, may often undergo internal rotation at tem- 
peratures not too far below the bulk melting point of the material. This lengthens the relax- 


ation time of the nuclei and so sharpens the resonance frequency. 


Chapter 8 


8.1 Recoil velocity = 39-7 тз^!; Doppler shift = 3:97 x 101! Hz. 
8.2 (a) 5 lines; (b) 12 lines; (c) 12 lines. 


о spin states, 272 
AB molecules, n.m.r. of, 273 
AB, molecules, Raman and infra-red 
spectra of, 149 
A,B, molecules, n.m.r. of, 277 
Absorption coefficient, 25, 234-237 
Acetylene: 
diamagnetic circulation in, 265 
infra-red spectrum of, 103 
Activity in spectra, 8-11 
Raman, 127 
(see also Selection rules) 
Alkali metals, atomic spectra of, 180-183 
AMX molecules, n.m.r. of, 277 
Analysis (see Chemical analysis) 
Angular momentum, molecular, 48 
electron spin, 165 
of electrons, in an atom, 163, 174-180 
ina molecule, 222 
nuclear spin, 243 
orbital, 163 
symbols used for electronic, 224 
Anharmonicity constant, 77, 85 
for diatomic molecules, some values 
of, 81 
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Anharmonic oscillator, 76-81 
Anomalous Zeeman effect, 195 
Antibonding orbital, 217, 220 
Anti-Stokes’ radiation, 125, 130, 140 
Antisymmetrical (—) orbital, 225 
Asymmetric top molecules, 42 
rotational spectrum of, microwave, 66 
Raman, 134 
Atomic orbitals: 
linear combination of, 21 6 
occupancy of, by electrons, 170 
shape and energy of, 157 
Attenuated total reflectance (atr) 113 
AX molecules, n.m.r. of, 271-274 
А›Х , molecules, n.m.T. of, 277 
A,X, molecules, n.m.T. of, 275 
АХ molecules, n.m.r. of, 277 


fl spin states, 272 
B (see Rotational constant) 
Balmer series, 162 
Band centre (or band origin), 209 
in electronic spectra, 199 
in vibrational spectra, 85 
Band head, 210 
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Beat frequency, 26 
Beer-Lambert Law, 25 
Bending of molecules on electronic 
excitation, 231-234 
Benzene, n.m.r. shielding in, 265 
Beryllium hydride, change of shape on 
excitation, 233 
Biological n.m.r., 292 
Birge-Sponer extrapolation, 207 
Bohr magneton, 192, 245, 301 
Boltzmann distribution, 25, 48, 79, 249 
Bond length: 
determination of, 47, 52, 59, 65, 66 
equilibrium, 73 
values, some tabulated, 66 
Bonding orbital, 216, 220 
Born-Oppenheimer approximation, 82, 
197 


breakdown of, 89 
Brackett series, 162 
Branches in bands (see O, P, Q, R, and S, 
branches) 
Breathing vibration, 145 
Broadening of spectral lines, 22-24 
Building-up principle, 170 
Bulk magnetic moment, 253 


Carbon: 
electronic energy levels of, 183-186 
13C, n.m.r. spectroscopy of, 285-291 
Carbon dioxide: 
Fermi resonance in, 97 
infra-red spectrum of atmospheric, 
115 
laser, 120 
vibrations of, 94 
Raman activity of, 137 
Carbon monoxide: 
bond length determination of, 47, 52, 
86 
infra-red spectrum of, 86-89 
isotopic mass determination in, 52 
Carbon oxysulphide, microwave 
spectrum of, 60 
Centre of symmetry and mutual 
exclusion rule, 138 
Centrifugal distortion constant, D, 56 
effect of, on vibrational spectra, 85 
Change of shape on electronic 
excitation, 231-234 
Characteristic group vibrations, 106 
table of, 109 


Chemical analysis: . 
by electronic spectroscopy, 234-237 
by infra-red spectroscopy, 106-111 
by microwave spectroscopy, 69 
by n.m.r. spectroscopy, 279 
Chemical shift: 
in Móssbauer spectroscopy, 317 
in n.m.r. spectroscopy, 262-269 
for ‘°C nuclei, 285-287 
for іН nuclei, 267-268 
reagent, 283 
Chlorate ion, infra-red and Raman 
spectra of, 150 
Chlorine trifluoride, structure of, 151 
Chloroform: 
infra-red and Raman spectra of, 141 
polarizability ellipsoid of, 129 
Closed shell, 171 
Collision broadening, 23 
Colour in molecules, 237 
Combination bands: 
in infra-red spectroscopy, 96 
in Raman spectroscopy, 139 
Complex spectra, simplification of, 
n.m.r., 281-284 
Compound doublet, 169 
Compound triplet, 182 
Computer averaging (CAT) technique, 34 
Conjugated molecules, 231, 236 
Continuous wave n.m.r. spectroscopy, 
297 
Continuum: 
in atomic electronic spectra, 162 
in molecular electronic spectra, 203 
Coupling: 
constant, J, 272 
magnitude and sign of, 273 
between electrons, 303 
between nuclei, 270 
between nuclei and electrons, 305-307 
Crystal field splitting, 304 
Cyanhydrin, n.m.r. spectrum of, 278 
Cycle, 2 


6-scale of chemical shifts, 268 
d orbitals, 159 
D (see Centrifugal distortion constant) 
Degeneracy: 
accidental, 96 
of l, states, 165 
of levels in hydrogen atom, 159 
of rotational levels, 48-50 
of vibrations, 95 
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Degenerate energy levels, splitting of by 
magnetic field, 68, 191-195, 321 
Degraded to red, violet, 211 
Degrees of freedom, 92 
Depolarization, degree of, 144 
Derivative spectra, 16, 310 
Diamagnetic circulation of electrons, 
262 
Diatomic molecules: 
classification of electronic states in, 
222 
dissociation of (see Dissociation; 
Predissociation) 
electronic spectra of, 197-215 
rotational structure, 207-215 
vibrational structure, 197-207 
electronic structure of, 215-230 
infra-red spectra of, 
vibrational-rotational, 81-91 
microwave spectra of, non-rigid, 
53-58 
rigid, 43-53 
Raman spectra of, 129 
Rotation of, 43-58 
selection rules (see Selection rules) 
vibration of, 72-91 
Dipole moment: 
induced, 126 
measurement of, by Stark effect, 68 
values, some tabulated, 66 
Displacement coordinate, 137 
Dissociation, 203-207, 237 
energy, 77 
Doppler broadening, 23 
Doppler shift, 315 
Double-beam spectrometer, 114-118 
Double resonance: 
in n.m.r., 284 
in e.s.r., 307-309 
Doublet: 
spectrum, 169. 178 
states, 167 
DSS, reference compound in n.m.r., 266 


Eidor (electron-nuclear double 
resonance), 307 
Electron configuration, in atoms, 171 
in molecules, 215-222 
Electron density, 305 
Electron paramagnetic resonance (ep.r) 
spectroscopy, 251, 299-311 
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Electronic spectroscopy: 
chemical analysis by, 234-237 
techniques, 239 
Electronic spectrum: 
of alkali metals, 172 
of diatomic molecules, 197-215 
of helium, 180-183 
of hydrogen, atomic, 161-163, 168 
molecular, 225-228 
of lithium, 172 
of polyatomic molecules, 230-239 
Electron spin (see Angular momentum) 
Electron spin resonance (e.s.r.) 
spectroscopy, 251, 299-311 
Endor (electron-nuclear double 
resonance), 307 
Energy levels: 
of electrons, 
in helium, 181 
in the hydrogen atom, 159, 168 
in the hydrogen molecule, 221, 226 
in lithium, 173 
of rotation, diatomic molecules, 46, 
130 
linear molecules, 59 
symmetric top molecules, 62-65 
of vibration, diatomic molecules, 74, 
77 
of vibration-rotation, diatomic 
molecules, 82 
linear molecules, 98 
symmetric top molecules, 102 
Ethyl benzoate, n.m.r. spectrum of, 279 
Ethyl cinnamate, n.m.r. spectrum of, 273 
Equivalent electrons, 176, 183 
Equivalent nuclei, 263, 274 
Even (g) character of orbitals, 218 
Exchange phenomena in n.m.r. 
spectroscopy, 280 
Extinction coefficient, 25, 234-237 


Family tree method, 275 

Fermi resonance, 97 

FID (free induction decay), 255 / 

Fine structure, of e.s.r. spectra, 302-305 
rotational (see Rotational fine 

structure) 

‘Fingerprint’ bands, 107 

Flash photolysis, 215 

Fluorescence, eos cen 
and Raman s ra, 

Force constant of bond, 55, 73, 80 
values, some tabulated, 81 
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Fortrat diagram, 211 
Fourier transform spectroscopy, 26-34 
infra-red, 118-120 
n.m.r., 253-261 
Franck-Condon principle, 200-203 
Free radicals: 
electronic spectra of, 215 
е.ѕ.г. spectra of, 300 
Free induction decay, 255 
Frequency, 2 
Frequency domain, 15, 28 
Fundamental absorptions, 80 
Fundamental vibrations, 91 
2-Furanoic acid, n.m.r. spectrum of, 278 


у-гау spectroscopy (see Móssbauer 
spectroscopy) 

9 (gerade) character of orbitals, 218 

g-factor, 245, 248, 301 

Globar, 111 

Golay cell, 112 

Group vibrations (see Characteristic 
group vibrations) 


Harmonic oscillator, 74-76 
Heisenberg’s uncertainty principle, 23 
Helium, electronic structure and 
spectrum, 180-183 
Helium-neon laser, 187 
Hertz, 2 
Hooke’s law, 73 
Hot band, 81 
Hund’s principle, 170, 186, 222 
Hydrogen atom: 
electronic spectrum of, 159-163, 
168-170 
orbitals of, 158 
wave function of, 159 
Hydrogen chloride: 
dissociation energy of, 205-206 
force constant, 80 
vibrational frequency of, 80 
Hydrogen cyanide, infra-red spectrum 
of, 98, 100 
Hydrogen fluoride: 
force constant of, 58 
rotational spectrum of, 54 
vibrational frequency of, 57 
Hydrogen molecule: 
electronic spectrum of, 225-228 
electronic structure of, 221 
orbitals of, 216 


Hydrogen nuclei, n.m.r. spectra of, 
261-284 
Hydrogen-like spectra, 172 
Hyperfine structure: 
of electronic spectra, 196 
of e.s.r. spectra, 305-307 


1, nuclear spin quantum number, 243 
Induced dipole, 125 
Infra-red region, 8 
Infra-red spectroscopy (see Diatomic 
molecules; Fourier transform; 
Linear molecules; Symmetric top 
molecules) 
selection rules (see Selection rules) 
techniques, 111-120 
Infra-red spectrum: 
of acetylene, 102 
of atmosphere, 115 
of carbon monoxide, 86-89 
of hydrogen cyanide, 98, 100 
of methyl iodide, 105 
of nitrous oxide, 148 
of sulphur dioxide, 149 
of thioacetic acid, 108 
of thymidine, 108 
Intensity of spectral lines, 24-25 
alternation of, due to nuclear spins, 
102 ) 
distribution of, іп infra-red spectra, 80, 
84 
in microwave spectra, 47-52 
of electronic spectra, 200-203 
of e.s.r. spectra, 300 
of infra-red spectra, 111 
of n.m.r. spectra, 261, 269 
of Raman spectra, 138, 139 
Interaction of radiation and matter, 8-11 
of rotation and vibration, 89-91 
Internuclear distances (see Bond length) 
Inversion as symmetry operation, 217 
Inverted multiplet, 183 
Iodine, dissociation energy of, 206 
2-Iodopropane, n.m.r. spectrum of, 278 
Ionization potential, 162 
Isomer shift, 317 
Isotope, 52 
mass of, determination by microwave 
spectroscopy, 52 
spins of, 243 


, 


J-j coupling, 174 
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J (see Coupling constant, Rotational 
quantum number) 


K, axial angular momentum quantum 
number, 62 
Klystron valve, 67 


А, A, orbital angular momentum, in 
molecules, 223 

Landé splitting factor, 192, 245 
Larmor precession, 249-251 
Laser, 36-39 

carbon dioxide, 120 

as infra-red source, 122 

dye, 38 

helium-neon, 38, 187 

as Raman source, 151 

ruby, 38 
LCAO approximation (linear 

стано of atomic orbitals), 
16 

Linear molecules, 40, 59, 98 

infra-red spectra of, 98-102 

microwave spectra of, 59 

Raman spectra of, 129 

selection rules (see Selection rules) 

(see also Diatomic molecules) 
Lithium, atomic spectrum of, 172 
Localized molecular orbitals, 231 
Longitudinal relaxation (see Relaxation) 
Lyman series, 161 


и (see Reduced mass; Dipole moment) 
M, bulk magnetic moment, 253 
Magnetic dipole: 

atomic, 191 

nuclear and electronic, 244 
Magneton, Bohr and nuclear, 245 
Maser, 37 
Mass, reduced, 43 
ee acne microwave spectrum of, 

-65 

Methyl iodide, infra-red spectrum of, 105 
Microwave region, 8 
Microwave spectroscopy: 

of asymmetric top molecules, 66 

of diatomic molecules, 42-56 

of linear molecules, 59-61 

selection rules for (see Selection rules) 

of symmetric tops, 61-65 

techniques, 66 
Microwave spectrum: 

of carbon monoxide, 47 
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of carbon oxysulphide, 60 
of hydrogen fluoride, 54 
of methyl fluoride, 63-65 
Modulator, 18, 68, 116 
Molecular orbitals: 
energies of, 218 
of hydrogen molecule, 216-219 
shapes of, 215-220 
Molecular orbital theory, 215 
Molecular polarizability (see 
Polarizability) 
Moment of inertia, 40-42 
Morse function, 77 
Móssbauer spectroscopy: 
applications of, 317-322 
experimental technique, 315-317 
principles of, 313-317 
Multiple pulse methods, 256-261 
Multiplet states in electronic levels (see 
Singlet, Doublet, Triplet or 
Quartet states) 
Multiplet structure of n.m.r. lines, 
269-279 
Multiplicity, 178 
Mutual exclusion, rule of, 138 


Nernst filament, 111 
Neutron, spin of, 243 
Nitrate ion, infra-red and Raman spectra 
of, 150 
Nitrous oxide, infra-red and Raman 
spectra of, 147 
Noise decoupling, 289 
Non-bonding electrons, 234 
Non-bonding orbital, 231 
Non-equivalent electrons, 176, 183 / 
Non-linear molecules (see Symmetric 
top; Spherical top; Asymmetric 
top molecules) 
Normal multiplet, 183 
Normatvibration, 92 
Normal Zeeman effect, 195 
Nuclear g-values, table of, 248 
Nuclear induction, 251 
Nuclear magnetic dipole, 245 
Nuclear magnetic resonance (n.m.r.) 
spectroscopy. 251 
biological, 292 
imaging, 292 
of 13C, 285-291 
of 1H, 261-284 
of ?! P, 291 
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N.m.r. spectroscopy-continued 
of nuclei with spins greater than 4$, 
292-296 
techniques, 296-299 
Nuclear magneton, 245 
Nuclear overhauser effect, 289 
Nuclear quadrupole moment, 295 
Nuclear quadrupole resonance, 296 
Nuclear recoil velocity, 315 
Nuclear spin: 
atomic spectra, influence on, 195 
of deuteron, 243 
electronic spectra, influence on, 195 
of proton, 243 
quantum number, 243 
spectroscopy (see Nuclear magnetic 
resonance spectroscopy) 
values, some tabulated, 248 
vibrational and rotational spectra, 
influence on, 102, 131 


O branch, 85 
in Raman spectra, 130, 142 
Oblate symmetric top, 41 
Odd (u) character of orbitals, 218 
Opposed spins (see Paired electron 
. . Spins; Paired nuclear spins) 
Orbital (see Atomic, Molecular, 
Bonding, or Antibonding orbital) 
Orbital angular momentum: 
in atoms, 163, 174 
in molecules, 222-224 
Oscillation frequency: 
classical, 74 
equilibrium, 79 
in excited electronic state, 200, 
229-230 
tabulated values for diatomic 
molecules, some, 81 
(see also Vibration; Vibrational) 
Overhauser effect, 289 
Overtone absorptions: 
in infra-red spectra, 80, 96 
in Raman spectra, 139 


n-electrons, 234 

m-molecular orbitals, 220 

P branch, 85 
in electronic spectra, 209-210 
in infra-red spectra, 85 
in Raman spectra, 143 

p orbital, 159 


Paired electron spins, in atoms, 171, 176 
Paired nuclear spins, 270 
Parallel electron spins, 176 
Parallel nuclear spins, 274 
Parallel vibratións, 93 
of linear molecules, 98 
of symmetric tops, 103 
Pascal's triangle, 275 
Paschen series, 162 
Pauli's principle, 170, 180, 184 
Perpendicular vibrations, 93 
of linear molecules, 99 
of symmetric tops, 104 
Pfund series, 162 
Phosphorescence, 238 
Phosphorus, ?! P, n.m.r. spectroscopy, 
291 
Photoelectron spectroscopy: 
of atoms, 188 
of molecules, 228 
Planck's hypothesis; 4 
Polarizability ellipsoid, 125 
change of during molecular motion, 
126 
Polarized light, 144 
and Raman spectra, 144-148 
Population of energy levels, 24 
rotational states, 48, 50 
spin states, 248 
vibrational levels, 79 
PQR band, 100, 103 
PR band, 85, 88, 98 
Predissociation, 212-214 
Progression, 198 
Prolate symmetric top, 41 
Pulse methods, 254 
multiple, 256-261 


Q branch, 85, 100 
in electronic spectra, 209-212 
in infra-red spectra, 85 
in Raman spectra, 142 
sequence, 105 
Quadrupole moment, 295 
effect of, in Móssbauer spectroscopy, 
319 
relaxation, 295 
resonance, 296 
Quantization of energy, 4 
Quantum numbers, 5, 156 
electronic: 
magnetio, m, 157 
orbital, І, 157 


Quantum numbers-continued 
orbital, L, 174 
principal, n, 156 
spin, s, 157, 165 
spin, S, 176 
total, j, 165 
total, J, 177-178 

molecular, axial, K, 62 
rotational, J, 44, 62 
vibrational, v, 74 
nuclear spin, I, 243 

Quartet state of OF , 228 


R branch, 85 
in electronic spectra, 209-210 
in infra-red spectra, 85 
in Raman spectra, 132, 143 
Radiation, electromagnetic, 1-4 
Radiationless transfer, 214, 238 
Radiofrequency region, 6 
Radiofrequency spectroscopy (see 
Electron spin resonance; Nuclear 
magnetic resonance) 
Raman spectroscopy: 
activity of rotations and vibrations in, 
127 
bond lengths determined by, 144 
classical and quantal theories of, 
124-129 
contrast with fluorescence, 239 
polarization of light and, 144 
rotational, 129-134 
techniques, 151-153 
vibrational, 134-142 
(see also Selection rules) 
Raman spectrum: 
of chlorate ions, 150 
of chlorine trifluoride, 151 
of chloroform, 141 
of nitrate ions, 150 
of nitrous oxide, 147 
of sulphur dioxide, 149 
Rayleigh scattering, 124, 130 
Reduced mass, 43 
Regular multiplet, 183 
Relaxation, 251-253, 256-261, 290 
Relaxation time: 
longitudinal (spin-lattice), T;, 252, 
258-261 
transverse (spin-spin), T;, 252, 
256-258 
Resolving power, 21 
Resonance, Fermi, 97 
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Rotation: 
of asymmetric top molecules, 66 
of diatomic molecules: 
non-rigid, 53-58 
rigid, 43-53 
of linear molecules, 59-61 
of symmetric tops, 61-66 
Rotational constant, B, 44, 82, 89 
variation of, with vibrational state, 55, 
89 
Rotational fine structure: 
of electronic spectra, 207 
of infra-red spectra, 81-91, 97-106 
of Raman spectra, 142 
Rotational quantum number, J, 44 
Rotational spectroscopy (see Microwave 
spectroscopy; Raman 
spectroscopy) 
Russell-Saunders coupling, 174, 302 
Rydberg constant, 160 


c-electrons, 234 
c-orbitals, 217 
s orbitals, 158 
S branch, 85 
in Raman spectra, 130-133 
Saturation of spin system, 251 
Selection rules, 24 
for electronic transitions, in atoms, 
161, 169, 180 
in molecules, 199, 208, 226 
in Móssbauer spectroscopy, 319, 321 
rotational: 
in microwave spectra, 45 
in Raman spectra, 129 
for diatomic molecules, 45-46 
for symmetric tops, 62 
in Raman spectra: 
-for linear molecules, 129 
for symmetric tops, 132 
vibrational: 
in infra-red, 75-76, 79, 82 
in Raman, 140 
vibrational-rotational, in infra-red: 
for diatomic molecules, 82 
for linear molecules, 98 
for symmetric tops, 103 
in Raman spectra: 
for diatomic molecules, 142 
for symmetric tops, 132 
for Zeeman effect, 192 
(see also Activity in spectra) 
Shielding of nuclei, 263 
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Shift reagent in n.m.r., 283 

Signal-to-noise ratio, 20, 35 

Simple harmonic oscillator, 74-76 

Simple harmonic wave, 1 

Singlet states of helium, 180 
of the hydrogen molecule, 225 

Skeletal vibrations, 106 

Spectrum, absorption, 5 
derivative, 16, 310 
emission, 6 
regions of, 6 
(see also Electron spin resonance, 

Electronic, Infra-red, Microwave, 
Móssbauer, Nuclear magnetic 
resonance, or Raman 
spectroscopy) 

Spherical top molecules, 41 
rotational Raman spectra of, 134 
vibrational Raman spectra of, 145 

Spin angular momentum: 
electronic: 

in atoms, 165 
in molecules, 223 
nuclear, 243 
Spin: 
density, 307 
echo technique, 257 
effect of magnetic field on, 242-248 
pumping, 289 
temperature, 252 
Spin-lattice, spin-spin relaxation (see 
Relaxation) 

Spontaneous emission, 36 

Stark effect, in microwave spectroscopy, 
67 

State symbol, 167 

Stimulated emission (see Laser) 

Stokes’ radiation, 125, 130, 140 

Sulphur dioxide, infra-red and Raman 

spectra of, 149 

Symmetrical (+) orbitals, 225 

Symmetric top molecules, 41 
infra-red spectroscopy of, 102-106 

rotations of, 61-65 

rotational Raman spectra of, 132 

vibrations of, 102 

(see also Selection rules) 
Symmetry axis, 93 


t-scale of chemical shifts, 267 
Ti, Т, (see Relaxation times) 
Term symbols, 167, 179 
Tetramethylsilane (TMS), 266 
Time domain, 15, 28 


Transition probability, 24 
Transverse relaxation (see Relaxation) 
Top (see Asymmetric, Spherical, 
Symmetric top) 

Total angular momentum, 174, 177 
Triplet states: 

of helium, 182 

of hydrogen molecule, 227 

of oxygen molecule, 228 


u (ungerade) character of orbitals, 218 
Ultra-violet region, 8 
Uncertainty principle, 23 


Vector addition of orbital and spin 
momenta, 166 
Vibrational spectroscopy (see Infra-red, 
Raman spectroscopy) 
Vibrational structure of electronic 
spectra, 198 
Vibrational quantum number, 74 
Vibration: 
of diatomic molecules, 72-91 
group and skeletal, 106 
of linear molecules, 98-102 
of OF, 230 
of symmetric top molecules, 102-106 
Visible region, 8 


Water: 
change of shape on electronic 
excitation, 233 
fundamental vibrations of, 92 
infra-red spectrum of atmospheric, 
115 
polarizability ellipsoid of, 128 
Wave-function: 
electronic, 155 
for hydrogen atom, 156 
Waveguide, 67 
Wavelength, 3 
Wavenumber, 4 
Width of spectral lines, 22-24 
in e.s.r. spectra, 300, 309 
in Móssbauer spectra, 314 
in n.m.r. spectra, 252, 295 
Woodward’s rules, 237 


X-ray, fluorescence spectroscopy, 190 
X-ray region, 8 


Zeeman effect in atomic spectra, 191-195 
Zero field splitting, 304 
Zero point energy, 75 
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